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I. GENERAL INTRODUCTION 
A.. Preliminary Comments 
Biological evolution can be described as the change in the genetic 
composition of a population. There are two necessary features that con­
tribute to the process of evolution: (1) the production and/or existence 
of variability and (2) the mechanisms involved in the transformation of 
the genetic constitution of a population. Genetic variability is intro­
duced to the members of a population via mutation, recombination and inde­
pendent assortment. The transformation of the variability produced in 
these manners is dependent upon both deterministic processes such as 
natural selection and stochastic processes such as sampling error or 
genetic drift. 
Deterministic processes such as natural selection are important in 
that they influence both the direction and rate of evolution. Natural 
selection produces change in the genetic constitution of a population as a 
result of the differential reproductive successes of genetically different 
individuals. Natural selection generally promotes adaptation, the process 
that fits an organism to a particular environment or way of doing things. 
The adaptations produced are morphological, behavioral and physiological 
characteristics that suit the organism to a particular environment by en­
hancing the probability the organism will survive and reproduce. 
My interest in evolution centers on the causal mechanisms responsible 
for evolution and in particular on the process of adaptation. Although 
many examples of specific adaptations may be observed by examining the 
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variety of organisms and environments that exist in the world around us, 
the actual study of adaptation is more difficult. In order to understand 
the genetic basis of adaptation, we must start with the concept that it 
involves the Interactions between genotype, phenotype and environment. 
This concept seems straightforward in principle but is often difficult to 
demonstrate satisfactorially. Often, even though the phenotyplc and en­
vironmental components of a particular adaptation are discernible, the 
genetic controls responsible are not. This is true because many pheno-
types are not under the control of a single genetic locus but are instead 
controlled by the interactions of many specific genes. Other difficulties 
lie in the definition of the specific environmental component(s) involved 
from the total ecological niche that the organism inhabits. 
A possible solution to these problems centers on the study of adapta­
tion at the biochemical or molecular level. Through the use of such an 
approach, it is possible to single out a specific biochemical trait and by 
an in-depth study of the molecules or molecular mechanisms responsible ex­
plain in total or at least in part the evolutionary process of adaptation. 
In order to properly apply this approach, it must begin with the relation­
ship between organism and environment (or environmental component) as a 
starting point and then proceed to define the underlying molecular mecha­
nisms. Within the realm of this avenue of study, it is important not only 
to define the adaptation through a specific biochemical step but also to 
develop an understanding of the mechanisms by which this particular step 
is controlled, be it through additional genetic control or through spe­
cific structural properties of the molecule(s) involved. 
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B. Enzyme Polymorphism and Adaptation 
The Importance of genetic variation in the evolutionary process has 
been demonstrated both mathematically (Fisher, 1930) and experimentally 
(Ayala, 1969). The results of these separate studies have established the 
correlation between the amount of genetic variation and the rate of evolu­
tionary change as brought about by natural selection. Because of this 
correlation, researchers have thought it important to determine the degree 
of genetic variability present in natural populations. 
In the early twentieth century, two schools of thought concerning the 
nature of variation and the role of natural selection in determining the 
genetic structure of a population were proposed. They were referred to as 
the classical and balance hypotheses of population structure. According 
to the classical hypothesis, an individual would be homozygous for a wild 
type allele at most loci, with a very small proportion of loci hetero­
zygous for a wild type and a mutant allele. The most fit individuals 
according to the classical theory would be those homozygous at most of its 
loci for those alleles conferring the highest fitness. The logic of this 
assumption centers on the belief that most mutations that occur would be 
detrimental and the maintenance of these alleles would produce a genetic 
load on the population. The role of natural selection under the classical 
hypothesis was that of directional or purifying selection, causing the re­
moval of detrimental mutations and the occasional replacement by a new 
beneficial mutation. The derivation of the classical school is generally 
attributed to those individuals interested in the behavior of mutants 
observed under laboratory conditions, such as those described in 
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Drosophlla in the early twentieth century. Conversely, the balance 
hypothesis, which was based on the study of natural populations, suggested 
that there was no single wild type allele at a locus, but rather there 
existed at most loci an array of alleles at moderate frequencies. There­
fore, an average individual would be heterozygous at most loci and in­
stead of a single most fit genotype, there would exist a number of geno­
types of equal fitness, comprising what was known as the adaptive norm. 
The role of natural selection under the balance hypothesis would be the 
maintenance of genetic variation rather than its removal from a popula­
tion. 
The exact resolution of this issue had to wait until 1966 since 
prior to this time the analysis, of the genome was limited to the use 
of morphological and lethal mutants, which in all likelihood do not pro­
vide an adequate representation of the genome as a whole. The year 1966 
is important to evolutionary genetics in that it marks the first time 
electrophoresis was used as a means of detecting genetic variation in 
natural populations (Lewontin and Hubby, 1966; Harris, 1966). The appli­
cation of electrophoretic techniques allowed the sampling of a larger 
number of genetic loci, such as those that code for various proteins and/ 
or enzymes, providing for a less biased sample of the genome. Electro­
phoretic analysis has since demonstrated the existence of high degrees of 
genetic variability in almost all species studied. These results, al­
though they favor the balance hypothesis did not in fact resolve the 
issue. Instead, the members of the classical school modified their way of 
thinking to include the results of electrophoretic studies into what is 
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now known as the neoclassical or neutral hypothesis. The neutrality 
hypothesis suggests that the majority of genetic variants observed are not 
functionally different but rather are maintained through a combination of 
the processes of mutation, migration and finite population size. The 
balance or selectionist school of thought is centered on the belief that 
the majority of such variation is functionally or adaptively significant. 
The maintenance of this variation has been proposed to occur through a 
form or forms of balancing selection, which may include heterosis, fre­
quency dependent selection, selection in response to environmental hetero­
geneity, etc. Even though the debate continues today, with no sign of 
either gaining an upperhand, it has been of considerable importance to the 
field of evolutionary biology since it has stimulated a great deal of re­
search in an effort to resolve the controversy. 
Within the realm of evolutionary biology, a number of different 
approaches have been taken in an effort to clear up the neutralist-selec­
tionist controversy. One such approach has been the correlation of allele 
frequency patterns with specific biogeographic patterns, i.e., the asso­
ciation of a dine in allele frequencies with a similar dine in a spe­
cific environmental component such as temperature, salinity, altitude, 
etc. Studies such as these are more or less inferential in nature in that 
they merely suggest that selective or adaptive processes are involved in 
the maintenance of the observed pattern. A similar approach involves the 
comparison of allele frequencies between closely related but distinct 
species. The rational being that if random processes are accounting for 
the observed polymorpisms, the species examined should differ in the 
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number and/or kind of alleles present at each locus. The results of such 
studies (i.e., Ayala and Tracey, 1974), however, demonstrate the opposite. 
The number and kind of alleles present are usually quite similar, much 
more so than the neutral theory would predict. However, even though these 
observations again suggest the existence of selective or adaptive forces, 
they are still not definitive proof. Laboratory selection experiments 
also have been forwarded as positive proof. In these cases, however, a 
problem exists regarding the fact that it is difficult to demonstrate that 
selection is acting on the locus in question and not on another closely 
linked locus. The research, such as that performed in these areas, has 
provided beneficial information yet the debate still continues since the 
data so collected are inferrential at best and are lacking in that they do 
not address the issue directly. 
The issue can be and has been addressed in a more direct manner 
through the biochemical approach toward the study of adaptation. The 
major contrast between the neutralist and selectionist views of enzyme 
polymorphism centers on the belief as to whether or not the observed pro­
tein variants are functionally different. The resolvement of this dis­
crepancy is that at which the biochemical approach is directed. However, 
in order for this approach to be more successful than those previously 
described, a number of criteria need to be satisfied. 
First, there must exist genetic diversity in the gene-enzyme system 
of interest. Such diversity must exist either at the structural locus of 
concern or at loci involved in the regulation or modification of its ex­
pression. The genetic diversity so observed must translate into pheno-
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typlc variation. This is necessary since natural selection cannot dis­
criminate between genotypes unless phenotypic diversity exists. Phenotype 
in this instance is generally used to describe ^  vitro biochemical 
properties of the molecule in question, such as total enzymatic activity, 
pH optima, temperature optima, kinetic constants, etc. Since adaptation 
involves the interaction of genotype, phenotype and environment, it is 
imperative that the biochemical properties examined correlate with a spe­
cific environmental parameter. This may include a specific aspect of the 
organism's external environment, such as temperature, salinity, etc. or a 
component of its internal or cellular environment, such as the cellular 
concentration of substrate, cellular pH, etc. The credibility of the in 
vitro biochemical determinations of molecular phenotype is dependent upon 
the ability to demonstrate their functional significance. This is often 
very difficult to establish since ^  vitro properties need not translate 
directly into vivo physiological aspects. Establishment of functional 
significance may include the organism's ability to utilize an energy re­
source, the detoxification of a harmful chemical, the flux of a metabolite 
through a biochemical pathway as well as others. There must also exist a 
relationship between the phenotypic differences observed and a measure of 
fitness, such as viability or fecundity. Finally, in addition to the 
description of the phenotypes of interest, it is necessary to attempt to 
describe the molecular level controls responsible for the adaptive pheno­
type. The necessity of this is evident from the role gene regulation and 
interaction play in the development of the organismal and molecular pheno­
types. Thus, it is imperative to not only describe the biochemical or 
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molecular phenotype, but also to interpret these differences as either a 
property of the molecule itself or as controlled by other genetic elements 
in the genome. Therefore, through the study of biochemical adaptation and 
by addressing the above mentioned criteria, it should be possible to gain 
considerable understanding not only of the adaptive significance of enzyme 
polymorphism, but also of the adaptive process in general. 
C. Alcohol Adaptation 
As mentioned previously, in order to arrive at an understanding of 
the genetic basis of adaptation, the interactions involving genotype, 
phenotype and environment must be considered. Not all of these parameters 
are readily Identifiable in all systems; however, alcohol adaptation in 
Drosophila melanogaster represents a model system in which all of these 
relevant parameters are well-defined. 
Among the many niches inhabited by Drosophila melanogaster, there are 
at least two capable of possessing relatively high concentrations of 
alcohol, wineries (Briscoe et al., 1975; McKenzie and Parsons, 1974; Marks 
et al., 1980) and rotting fruits (Heed, 1978). In addition to ethanol, 
these niches possess lesser concentrations of other primary and secondary 
alcohols. Therefore, this allows researchers to simulate these ecological 
conditions, at least in part, using laboratory environments containing 
various types and concentrations of alcohol. 
The ability of Drosophila melanogaster to inhabit such environments 
is directly related to the product of the alcohol dehydrogenase locus, 
which functions in the oxidation of short chain primary and secondary 
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alcohols (Ainsley and Kitto, 1975). The alcohol dehydrogenase protein is 
encoded for by a genetic locus at position 50.1 on the second chromosome 
of Drosophila melanogaster (Lindsley and Grell, 1967). The Adh locus is 
polymorphic, with four electrophoretically distinguishable alleles segre­
gating in natural populations. These alleles, which are designated 
F 
according to their relative electrophoretic mobility, are the Fast (Adh ), 
q Trp TTC 
Slow (Adh ), Ultrafast (Adh ) and Ultraslow (Adn ) alleles (see Figure 
F S 1). The Adh and Adh alleles are those most prevalent in natural popula­
tions, accounting for greater than 98% of the polymorphism on a worldwide 
basis. In addition to structural gene variation, there also exists 
regulatory or modifier gene variation for the Adh system (Ward, 1975; 
McDonald and Ayala, 1978; Barnes and Birley, 1978). These regulatory or 
s modifier genes have been localized to the two major autosomes (II and III) 
as well as the X chromosome (I) and are responsible for altering levels of 
ADH activity on an organismal level. 
The genetic variability that exists in the alcohol dehydrogenase 
system translates into phenotypic diversity as well as on both the organ­
ismal and molecular levels. On the organismal level, the Adh system has 
been demonstrated to be directly involved with both the utilization of 
alcohols as an energy source as well as the tolerance of alcohols at 
stress concentrations (Ainsley and Kitto, 1975; David et al., 1976; David 
and Bocquet, 1977). Variation exists for these organismal parameters on 
both the Interspecific and intraspecific levels. On the molecular level, 
there exists variation as well, measurable as vitro alcohol dehydro­
genase activity (Ward and Hebert, 1972; Birley and Barnes, 1973; McDonald 
# 
Figure 1. Electrophoretic patterns of the naturally occurring allozymes at the Adh locus. The 
S S FF US US genotypes represented on the gel are from left to right; Adh /Adh , Adh /Adh , Adh /Adh , 
Adh^^/Adh^^ and Adh^/Adh^ 
9c 
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and Ayala, 1978). ADH activity variation exists both within and between 
electrophoretic genotypes (Ward and Hebert, 1972; McDonald and Ayala, 
1978) as well as activity variation attributable to the action of regula­
tory or modifier genes (McDonald et al., 1977; McDonald and Ayala, 1978; 
Barnes and Birley, 1978). In addition, population cage studies involving 
alcohol stress conditions have demonstrated that the organismal phenotype, 
the ability to survive and reproduce in alcohol environments, is often 
well-correlated with the molecular phenotype, alcohol dehydrogenase 
activity levels (van Delden et al., 1975; Cavener and Clegg, 1978). 
Besides the great degree of knowledge concerning the genetic, pheno-
typic and environmental parameters of the Adh system, there is also a 
variety of properties of the molecule itself that make it a very amenable 
system for the study of biochemical adaptation. These include the fact 
that alcohol dehydrogenase is an abundant protein accounting for greater 
than 1-2% of the total adult soluble protein; it is easily purified to 
considerable homogeneity (90-95%); and it is easy to assay both spectro-
photometrically and histochemically. 
Because of these features, the alcohol dehydrogenase gene-enzyme 
system is one of the most heavily studied, not only by those interested in 
the process of adaptation, but also by those interested in enkaryotic gene 
regulation and developmental biology. 
D. Dissertation Format 
This dissertation is concerned with the demonstration of the utility 
of the biochemical or molecular approach to the study of adaptation. Al­
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though examples of specific adaptations are obvious in the world arround 
us, little is known of the processes involved. It is, therefore, hoped 
that through the in-depth examination of a model system, alcohol adapta­
tion in Drosophila melanogaster, the results presented in this disserta­
tion will contribute, not only to the understanding of this particular 
adaptation, but also to the adaptive process in general. 
Because of the nature of this study, the experiments discussed in 
this dissertation are divided into three sections. Although the three 
sections are all integral parts of the study, they are not discussed in 
total until the end of the dissertation. 
The first section of experiments was designed to ellucidate pheno-
typic diversity on the molecular level. Kinetic and physical parameters 
of the major allelic variants at the alcohol dehydrogenase locus were 
examined in an effort to uncover such diversity. Studies such as these 
are often the first step in attempts to study molecular adaptation, since 
it is on such phenotypic diversity that processes like natural section 
act. 
The second section deals with the control of the expression of the 
alcohol dehydrogenase gene. Since the product of the alcohol dehydro­
genase gene is critical for the organism's ability to exploit alcohol en­
vironments, it is necessary to attempt to understand the possible mecha­
nisms by which it is regulated. The experiments presented here deal with 
the regulation of alcohol dehydrogenase gene expression throughout de­
velopment, in adults via protein turnover studies and as modified by 
trans-acting regulatory elements. 
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The last section is concerned with the correlation of the various 
biochemical and molecular properties with organismal level responses to 
alcohol environments. These experiments are necessary in order to estab­
lish the functional significance of these properties and the probable 
fitness relationships associated with the various alcohol dehydrogenase 
genotypes. 
Even though the results presented here provide both valuable informa­
tion and new insights into the mechanisms involved in adaptation, they 
have not left all questions answered. However, it is ray hope that this 
dissertation has been successful in demonstrating the utility of the 
molecular or biochemical approach to the study of adaptation and will, 
therefore, provide a good base for new and future studies concerning 
adaptation. 
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II. THE EXPERIMENTS 
A. Biochemical Properties of the Products of the Adh Locus 
1. Rationale of the approach 
As mentioned previously, in the study of adaptation, one criterion 
the researcher must satisfy is the demonstration of phenotypic diversity, 
for it is on this diversity that natural selection acts. In the study of 
biochemical adaptation, it is necessary to examine the properties of a 
specific gene product, an enzyme, in order to establish the existence of 
diversity on a molecular level. This can be accomplished by studying 
either kinetic parameters, i.e., substrate affinity, affinity for co-
factor, substrate specificity, specific activity, sensitivity to inhibi­
tors, etc., or physical parameters, i.e., pH optima, thermostability, 
stability in the presence of denaturation agents, etc. Over the last 
decade, considerable effort by numerous researchers working with a variety 
of organisms and enzyme systems has been applied to this type of study, 
achieving a good degree of success (reviewed by Hochochka and Somero, 
1973, Hedrick et al., 1976; Johnson, 1975; Koehn, 1978). 
In this section, I describe experiments directed at detecting 
molecular diversity between the products of the two major electrophoretic 
variants at the Adh locus. The first study involves the determination of 
a variety of kinetic parameters for the alcohol dehydrogenase protein 
purified from Drosophila melanogaster strains homozygous for either of the 
F S two major electrophoretic alleles (Adh and Adh ). The second study deals 
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with the examination of various physical parameters of ADH enzyme obtained 
from these same genotypes. 
2. Study I—determination of kinetic parameters 
a. Introduction The enzyme alcohol dehydrogenase (ADHzNAD^ 
oxidoreductase:E.C.l.l.l.l) has been found to play a key role in Droso-
phila's ability to exploit alcohol environments. Previous research has 
demonstrated a correlation between ADH activity levels and the ability to 
tolerate environmental alcohol both between species (McDonald and Avise, 
1976; Holmes et al., 1980; David and Bocquet, 1976), as well as within a 
single species, i.e., Drosophila melanogaster (David et al., 1976). The 
relationship in Drosophila melanogaster is such that genotypes homozygous 
F for the Adh allele generally possess higher ADH activity levels than 
g 
those homozygous for the Adh allele (McDonald and Ayala, 1978; Day 
et al., 1974a; Vigue and Johnson, 1973; Hewitt et al., 1974; Gibson, 1970). 
These differences in ADH activity levels have been postulated to account 
for Adh^ genotypes increased survivorship in alcohol stress environments 
(Briscoe et al., 1975; Ainsley and Kitto, 1975; Kamping and van Delden, 
F 1978) and the increase in frequency of the Adh allele in population cages 
containing environmental alcohol (van Delden et al., 1975; Cavener and 
Clegg, 1978). These findings suggest that the structural differences 
between the ADH-F and ADH-S proteins, which involve at least one amino 
acid substitution (Fletcher et al., 1978; Thatcher, 1980), in some way 
affect catalytic efficiency. 
Since ADH activity differences appear to play an important role in 
the organism's ability to tolerate alcohol environments, many attempts 
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have been made to clarify the mechanisms accountable for these differ­
ences. 'Jork in this area has centered on the measurement of a number of 
enzymatic parameters including Michaelis-Menten constants, specific 
activities and enzyme concentration levels. The picture still remains 
clouded, however, due to the presence of a number of conflicting reports. 
For example, measurements of Kg^hanol purified or partially 
purified ADH-F enzyme from Drosophlla melanogaster have ranged from 2 to 
20 mM (Vigue and Johnson, 1973; Day et al.,1974b; Elliot and Knopp, 1975). 
Also, in cases in which comparisons were made .between ADH-F and ADH-S 
enzyme under the same conditions, no significant differences were reported 
(Vigue and Johnson, 1973; Day et al., 1974b). 
Conflicting reports also exist in those studies designed to measure 
ADH enzyme concentrations by immunological methods. Gibson (1972) and 
Lewis and Gibson (1978) reported that activity differences between Adh 
genotypes correlated well with levels of ADH present as determined by 
radial immunodiffusion. Day et al. (1974b), however, in a study using 
Immunoelectrophoresis, reported that this relationship did not consistent­
ly exist for all strains and rather that activity differences could, 
therefore, be explained by differences in specific activities between the 
two respective proteins. Because of such conflicting reports, it has been 
difficult to come to any general conclusions concerning the functional 
significance of the Adh polymorphism that exists in natural populations. 
The experiments in this study are, therefore, directed towards 
clarifying the situation by a more detailed examination of the kinetic 
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properties of the ADH protein isolated from strains of Drosophlla melano-
gaster homozygous for different alleles at the Adh locus. 
b. Materials and methods 
1) The animals Five Drosophila melanogaster strains made 
completely homozygous for their entire first, second and third chromosomes 
(2.98% of the genome) were used in this study. The chromosomes were ex­
tracted from wild males collected at the McDonald Ranch, Napa County, 
California, according to previously published techniques (McDonald and 
Ayala, 1978). Strains S-1 and S-2 carry the electrophoretically identical 
S F Adh allele, while strains F-1, F-2 and F-3 carry the electrophoretic Adh 
allele. 
2) ADH activity measurement Alcohol dehydrogenase activity 
was measured in a Beckman ACTA II spectrophotometer according to the tech­
niques of McDonald and Avise (1976) using 5% 2-propanol and 5 mM NAD in 
100 mm Tris-HCl, pH 8.6, as substrates. One activity unit is described as 
a change of 0.001 absorbance units/minute at 340 nm. 
3) ADH purification Alcohol dehydrogenase was purified 
according to the technique of Sofer and Ursprung (1968) with the slight 
modifications suggested by McDonald et al. (1977). Briefly, approximately 
10 g of adult Drosophila melanogaster are homogenized in 2.5 x 50 mM Tris-
HCl, pH 7.5, containing 1 mM EDTA and 1 mM 3-mercaptoethanol. The 
homogenate is centrifuged at I2,100xg for twenty minutes after which time 
the supernatant is filtered through glass wool to remove fat bodies and 
any other lipid like material. The filtered supernatant is then subjected 
to three successive fractionation steps to remove; unwanted nucleic acids 
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and proteins. The steps involve a protamine sulfate cut (14 ml of 2% 
protamine sulfate per 100 ml of supemantant) followed by two successive 
ammonium sulfate cuts (40% saturated ammonium sulfate v/v followed by 33% 
saturated ammonium sulfate v/v). The second ammonium sulfate cut precipi-* 
tates ADH upon centrifugation. The precipitate is resuspended in a small 
volume of buffer and applied to a Sephadex G-lOO column equilibrated to 
pH 7.5 to be fractionated according to molecular weight. Fractions are 
collected in an LKB fraction collector, model 2070, and monitored spectro-
photometrically at 280 nm and 340 nm to detect protein content and ADH 
activity, respectively. Fractions that contain high ADH activity and 
little extraneous protein are pooled and concentrated in an Amicon ultra­
filtration cell, model 202. After concentration, the protein is dialyzed 
overnight against 50 mîl Tris-HCl, pH 8.3, containing 0.5 raM EDTA and 1 mM 
g-mercaptoethanol. Following dialysis, the protein is subject to ion-
exchange chromatography on a column of DEAE Sepadex, equilibrated to pH 
8.3. Again, fractions are collected, assayed and concentrated as de­
scribed above. The concentrate is dialyzed overnight against 100 mM Tris-
HCl, pH 8.6. The purity of such preparations was determined by electro­
phoresis using 7% polyacrylamide gels prepared according to Smith (1968). 
Gels to which the enzyme had been loaded were stained for either total 
protein with Cromassie Brilliant Blue or specifically for ADH using the 
staining mixture described by Ayala et al. (1972). The gels were scanned 
at 550 nm for total protein and 650 nm for ADH in a Beckman Acta II 
spectrophotometer and the degree of purity determined by the percentage of 
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total protein accountable for by ADH. In all cases, the degree of purity 
was ^ 90% homogeneity. 
4) Determination of kinetic constants Michaelis constants 
were estimated by measuring initial velocities on 2, 3 and 4 carbon pri­
mary alcohols over a range of five alcohol (i.e., 1-20 mM) and five NAD 
(i.e., 0.1-0.5 mM) concentrations. In no Instance did substrate concen­
trations exceed lOX Km nor drop below O.IX Km, as determined by initial 
Michaelis-Menten plots of velocity versus substrate concentration. All 
assays were measured on a Beckman Acta II spectrophotometer at 22°C in 
100 mM Tris-HCl, pH 8.6; each assay was done twice and the average taken 
as the velocity value for that particular concentration of NAD and alco­
hol. 
Graphical estimates of primary and secondary plots were obtained by 
the method of Florini and Vestling (1957). The reciprocals of the appro­
priate velocity and substrate concentrations were fit to five constant 
substrate and five constant cofactor lines by least squares to Lineweaver-
Burke plots using the linear regression program of the Texas Instrument 
Ti-58 minicomputer. The coordinates of the intercept of every regression 
line with every other were calculated. For five lines there are ten such 
intercepts. The median value on the X-axis was taken as the best estimate 
of the reciprocal of the apparent Km (Km^^^), the best estimate of Km 
within the range of substrate concentrations used in the experiments. Two 
secondary plots were derived from the inverses of the velocities, calcu­
lated from the primary plots, in order to obtain K^^cohol SjAD' 
19a 
true Mlchaelis-Menten constant for the substrate at infinite cofactor con­
centration and cofactor at Infinite substrate concentration, respective­
ly. 
5) Immunological techniques Antibody to purified alcohol 
dehydrogenase was raised In New Zealand white rabbits according to 
McDonald et al. (1977). The antlsera's crossreactivity with both ADH-F 
and ADH-S proteins was determined by the techniques of Ouchterlony (1953). 
Antiserum was used to estimate the relative amounts of ADH CRM (cross-
reacting material) by the technique of radial immunodiffusion (Mancini 
et al., 1965). Diameters of the precipitate ring, stained specifically 
for ADH, were plotted against log of relative concentration (Fahey and 
McKelvey, 1965), with serial dilutions of each sample tested in order to 
verify the existence of a linear relationship. 
Levels of alcohol dehydrogenase CRM were estimated on four samples 
per strain. Each sample was prepared by homogenizing 30.0±0.5 mg adult 
males, 5-10 days post-eclosion, in 1.0 ml of Tris-HCl, pH 8.6. Samples 
were centrifuged at 12,100xg for twenty minutes and the supernatant re­
covered. The supernatant (10 pi) was loaded into wells (3 mm in diame­
ter), punched into immunodiffusion gels, consisting of 1% agarose-1% 
antibody, with a #1 cork borer. Maximum diffusion was reached after 48 
hours , at which time the gels were stained specifically for ADH. After 
the gels were stained and fixed, the diameters were measured. A sample 
immunodiffusion gel is pictured in Figure 2. 
c. Results Kinetic constants (^alcohol SlAD^ are presented 
in Table 1 for ethyl, propyl and butyl alcohols. Two observations rele-
o o 





staining for ADH 
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Table 1. Kinetic constants (mM) for ADH purified from five strains of 
Drosophila melanogaster 




F-1 Ethyl 0.08±0.08 0.14 2.61+1,00 5.67 
F-2 Ethyl 0.08+0.01 0.08 3.92+0.50 4.29 
F-2 Ethyl 0.10±0.03 0.15 2.72±0.97 3.32 
X Ethyl 0.09±0.01 0.12+0. 02 3.08+0.42 4.43±0.68 
S-1 Ethyl 0.08+0.04 0.04 7.31+0.67 4.46 
S-2 Ethyl 0.22+0.10 0.07 5.58±0.51 3.07 






 02 6.45±0.87 3.77±0.70 
F-1 Propyl 0.08+0.02 0.15 2.68+1.10 5.27 
F-2 Propyl 0.10+0.03 0.10 1.92±0.35 2.65 
F-3 Propyl 0.10+0.03 0.14 1.74+0.30 2.48 
X Propyl 0.09±0.01 
o
 
+1 cn d 02 2.11±0.29 3.47±0.90 
S-1 Propyl 0.20±0.06 0.08 2.63+1.00 0.89 
S-2 Propyl 0.09±0.03 0.06 1.71±0.42 1.00 






 01 2.17±0.46 0.95±0.06 
F-1 Butyl 0.09+0.02 0.21 1.72±0.73 4.58 
F-2 Butyl 0.10±0.02 0.41 1.73+0.69 2.55 
F-3 Butyl 0.14+0.02 0.22 0.69+0.04 1.48 
X Butyl 0.11±0.02 0.28±0. 07 1.38+0.35 2.87+0.91 
S-1 Butyl 0.21±0.02 0.15 1.02+0.29 0.64 
S-2 Butyl 0.16±0.02 0.12 1.49±0.28 0.82 






02 1.26+0.24 0.73+0.09 
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vant to the question of the possible adaptive significance of the Adh 
polymorphism, which exists in natural populations, can be drawn from these 
data. 
1. ADH-S enzyme has generally lower Michaelis-Menten constants than 
ADH-F. 
Four values are presented in Table 1 for each stain and each alcohol 
tested. and K' are values derived graphically from the primary and 
m m 
secondary Lineweaver-Burke plots, respectively. is the best estimate 
of the affinity of enzyme for substrate and/or cofactor over the range of 
substrates used in the experiments. however, is not the true 
m 
Michaelis-Menten constant, for it may fluctuate depending upon the concen­
tration and/or time of incubation with cofactor and alcohol substrate. 
The utility of the value is in its comparison with K', the true 
m m 
Michaelis-Menten constant of the reaction. This point will be developed 
in more detail in the following section. For now, I will concentrate on 
the values as a means of comparison between the ADH-F and ADH-S pro­
teins . 
The ADH-F enzyme has significantly higher ^^Icohol than does 
the ADH-S enzyme. This observation generally holds regardless of the 
alcohol examined. The values are also, on the average, higher for 
the ADH-F enzyme, but the differences are not as consistent. Signifi­
cantly higher ^alcohol ^AD values for ADH-F have not been previously 
reported (Vigue and Johnson, 1973; Day et al., 1974b). As well, the 
^alcohol values reported here are substantially lower than most previous 
reports, i.e., Kg^banol values as high as 20 mM have been reported (Day 
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et al., 1974b). Àt least part of the discrepancy may be attributable to 
the fact that the assays carried out here were on enzyme purified to ^90% 
homogeneity, rather than on less homogeneous preparations. The fact that 
the degree of purity of ADH used in kinetic analyses can significantly in­
fluence estimates of has previously been demonstrated (McDonald et al., 
1977). 
2. ADH-S and ADH-F proteins display opposite interactions for both 
substrate and cofactor. 
As mentioned previously, the utility of the value is its com­
parison with the true Michaelis-Menten constant, K\ If within a system, 
the affinity of the enzyme for substrate is dependent upon the concentra­
tion of cofactor and/or vice versa, this system is said to display hetero­
trophic interactions (Fromm, 1975). In such situations, the primary 
Lineweaver-Burke plots will not intersect on the X-axis (see Figure 3) and 
thus the value will not be equivalent to the corresponding K' value, 
m m 
A value higher than its corresponding value of indicates positive 
interaction; i.e., a greater ease of catalysis as the concentration of co-
factor or substrate rises. In such situations, the primary plot will show 
a decreasing (intersection with the X-axis) with increasing substrate 
or increasing cofactor concentrations. Negative interactions are said to 
exist if the value is lower than the corresponding value of K'. In 
m m 
this case, there is a greater ease of catalysis as the concentration of 
substrate or cofactor is lowered and primary plots will demonstrate an 
increasing K with increasing substrate or cofactor concentrations. 
Figure 3. Lineweaver-Burke plots for ADH-F and ADH-S enzyme purified from two homozygous strains 
of Drosophila melanogaster. Intersection of lines above the x-asis is indicative of 
positive Interaction between cofactor and substrate (ADH-S), while Intersection of the 
lines below the x-axis is indicative of negative interactions (ADH-F). Each line 
represents a separate experiment in which either (A) concentration of propanol varied 
and concentration of NAD was kent constant or (B) concentration of NAD varied and con­
centration of propanol was kept constant. The slope of the lines decreases as concen­
tration OS (A) NAD (NAD; a = 1.0 iriM, b = 2.0 mM, c = 3.0 mM, d = 4.0 mM, e = 5.0 mM for 
F-1 and S-1) or (B) propanol (propanol; a = 1.3 mM, b = 2.5 mM, c = 5.0 mM, d = 7.5 mM, 
e = 10.0 mM for 8-1 or a = 2.5 mM, b = 5.0 mM, c = 10.0 mM, d = 15.0 mM, e = 20.0 mM 








The results presented in Table 1, as well as the graphical demonstra­
tion in Figure 3, indicate that the ADH-S enzyme generally displays posi­
tive interaction for both substrate and cofactor, while the ADH-F enzyme, 
in contrast, displays negative interactions. For example, as the concen­
tration of NAD increases, values of ^alcohol decrease for the ADH-S enzyme 
while they would increase for the ADH-F enzyme. 
Both positive and negative interactions have been observed for yeast 
ADH (Wills, 1976). Positive interactions have also been observed in horse 
liver ADH (Nygaard and Theorell, 1955). However, differences in the di­
rection of interactions for Drosophila melanogaster ADH variants have not 
been consistently observed in prior studies. Analysis of data presented 
in earlier studies does, however, demonstrate both the existence of posi­
tive interactions for the ADH-S enzyce (Day et al., 1974b), as well as 
negative interactions for the ADH-F enzyme (McDonald et al., 1977). The 
failure to demonstrate both positive and negative interactive properties 
in previous comparisons may again be attributable to the purity of the en­
zyme preparations, since these properties are often obscured when kinetic 
determinations are carried out on highly impure preparations such as crude 
extract (McDonald et al., 1977). 
Relative levels of ADH crossreacting material plus specific activity 
determinations (activity/antigenicicy) are presented in Table 2. Two 
relevant observations can be made based upon these data. 
1. Significantly higher levels of ADH crossrfeacting material are 
p 
associated with the Adh genotype. 
Table 2. Relative ADH activities, relative amounts of ADH crossreacting material and average 





ethyl n-propyl n-butyl 
Relative 
amount ADH 
Relative specific activity 
(activity/antigenicity) 
ethyl n-propyl n-butyl 
S-1 0.75 0.42 0.41 0.46 0.42 1.00 0.98 1.10 
S-2 0.68 0.43 0.45 0.43 0.37 1.16 1.22 1.16 
F-1 0.70 1.09 1.09 1.06 1.14 0.96 0.96 0.93 
F-2 0.60 1.00 1,00 1.00 1.00 1.00 1.00 1.00 
F-3 0.76 0.90 0.89 0.88 0.78 1.15 1.14 1.14 
^Mean activity (one unit defined as 1 pm NAD reduced/1 ml reaction mixture/min) normalized to 
that of strain F-2. Strain mean activity based on six replicates/strain; within strain error 
(S.D./mean activity) for all strains _<10%. 
^Mean level of crossreacting material normalized to that of strain F-2. Strain mean based on 
4 replicates/strain; within strain error (S.D./mean CRM) for all strains _<5%. 
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Relative levels of ADH crossreacting material was determined by 
radial immunodiffusion using the serial dilution of strain F-2 extract as 
F 
a means of comparison (Figure 4). In general, the Adh strains possess 
c 
higher levels of ADH per fly than the Adh strains (Table 2). These find­
ings are consistent with most earlier reports (Gibson, 1972; Thompson and 
Kaiser, 1977; Lewis and Gibson, 1978). However, a conflict exists with 
the report of Day et al. (1974b) In which one of the five Adh^ strains 
g 
examined had ADH levels insignificantly different from those of the Adh 
genotypes analyzed. This result may suggest that the CRM level differ-
F S 
ences observed between Adh and Adh genotypes need not be universal. 
Nevertheless, based upon the considerable number of findings to the con-
F trary, abnormally low levels of ADH in an Adh strain must, at this time 
at least, be considered the exception rather than the rule. 
It has recently been suggested that the differences in ADH concentra­
tions and activities observed between Drosophila strains may be largely 
the result of slight differences in the weight of flies (Clarke et al., 
1979). Clearly, this is not the case in this study. The average weight 
of the flies from the five strains used in this study are nearly identi­
cal. In addition, the slight differences that do exist are not correlated 
with differences in ADH levels. In order to verify this result, since the 
sample of strains is small, a further analysis of the parameters of 
weight, ADH activity and ADH CRM levels was undertaken for 20 Drosophila 
F S 
melanogaster lines (14 Adh homozygous lines and 6 Adh homozygous lines). 
The mean values for these parameters are presented in Table 3. Correla­














Figure 4. Standard curve for radial immunodiffusion experiment. Ring 
diameters for samples from strains F-1, F-3, S-1, and S-2 are 
plotted against log of relative amount of ADH crossreacting 
material in strain F-2 (•) 
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F S (radial immunodiffusion diameter) with weight for both Adh and Adh 
genotypes. In only one case was there even a marginal level of signifi-
g 
cance, ADH activity versus weight for Adh homozogous lines (r = 0.72, p < 
0.05). Based upon this larger data set, it appears obvious that activity 
and CRM level differences observed between genotypes and/or between strains 
cannot be attributed to slight differences in the weight of the organisms. 
2. The specific activities of the ADH-S and ADH-F enzymes are 
equivalent. 
Relative ADH activity values measured at effectively saturating con­
ditions of cpfactor and alcohol (2 mM NAD, 100 mM alcohol) are presented 
in Table 2. Again, the values have been normalized to strain F-2 for ease 
of comparison. Under these assay conditions, the observed velocities 
should approximate the relative i^L vivo values of apparent The 
specific activity values presented in Table 2 were determined by dividing 
relative ADH activity by relative antigenicity (relative CRM levels). The 
results presented indicate that at high concentrations of alcohol 
([alcohol] >> K^) , the specific activities of ADH-F and ADH-S are insig­
nificantly different. In other words, the ADH activity differences ob-
F S 
served between Adh and Adh genotypes, at saturating concentrations of 
substrate, are effectively the result of vivo levels of enzyme. 
d. Discussion Even though considerable effort has been given to 
the study of the Adh polymorphism in Drosophila melanogaster in hopes that 
it may represent a good model system for the study of adaptation, the 
situation still remains unclear. The results presented in this study. 
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Table 3. Mean weight, ADH activity and radial immunodiffusion diameters 
for 20 strains of Drosophila melanogaster 
Strain Genotype X wgt. X ADH activity X RI diameter 
F-1 F/F 0.736 0.255 11.81 
F-2 F/F 0.680 0.263 11.42 
F-5 F/F 0.683 0.262 12.10 
F-10 F/F 0.686 0.330 11.21 
F-11 F/F 0.771 0.318 11.04 
F-12 F/F 0.651 0.339 11.08 
F-13 F/F 0.594 0.322 10.79 
F-14 F/F 0.729 0.324 10.88 
F-15 F/F 0.744 0.326 10.71 
F-16 F/F 0.612 0.297 10.46 
F-17 F/F 0.645 0.311 11.00 
F-18 F/F 0.671 0.263 10.71 
F-19 F/F 0.709 0.304 10.13 
F-20 F/F 0.688 0.154 10.08 
S-1 S/S 0.694 0.108 9.65 
S-2 S/S 0.620 0.087 8.36 
S-3 S/S 0.701 0.122 8.48 
S-10 S/S 0.685 0.089 7.71 
S-11 S/S 0.630 0.107 8.50 
S-12 S/S 0.730 0.183 10.50 
30 
however, provide new and testable hypotheses with regards to the mainte­
nance of this polymorphism. 
Prior experiments, in which organisms have been presented with alco-
hoi stress environments, suggest that genotypes possessing the Adh 
allele are selectively favored (Cavener and Clegg, 1978; Kamping and van 
Delden, 1978; Briscoe et al., 1975; Ainsley and Kitto, 1975; van Delden 
et al., 1975; Gibson, 1970). These organismal level results are consis-
F tent with the fact that Adh genotypes have higher maximum velocities than 
S F do Adh genotypes, which implies that Adh flies are capable of greater 
rates of alcohol degradation at high ([alcohol] » K ) concentrations of 
m 
substrate. The results presented here suggest that the observed differ­
ences in apparent can be explained almost entirely by the differences 
in ADH CRM levels that exist between the two homozygous genotypes. Thus, 
the selective advantage previously assigned in Adh^ genotypes in alcohol 
stress environments can be attributed to the greater levels of ADH asso­
ciated with these genotypes. 
g 
The mechanism by which the Adh allele is maintained in natural popu­
lations does not seem as clear at first glance. However, from the 
Michaelis-Menten equation (v = V [S]/K + [S]), there are situations, 
m&x in 
such as when substrate concentrations are low ([S] ^  K^), in which maxi­
mum velocity would not be as functionally significant a parameter as per 
molecule catalytic efficiency (K^). Therefore, in those situations in 
which cellular concentrations of alcohol are expected to be low ([alcohol] 
< K ), such as nonstress alcohol environments, apparent V differences 
— m max 
may not be as important as differences in Kgicohol" SincG K^icohol values 
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g 
for the ADH-S enzyme are generally lower than ADH-F, the Adh genotypes 
may be expected to have a substrate to product turnover rate equivalent to 
or greater than Adh^ genotypes when cellular concentrations of alcohol 
approximate K^, thereby conferring a possible selective advantage to the 
g 
Adh genotypes. Alcohol stress environments used in population cage 
studies have not been able to confirm this possible selective advantage 
because of the high concentrations of alcohol used in these studies 
(-10-20% ethanol). Experiments have beeri designed to test the importance 
of both Kgicohol apparent (concentration of ADH CRM) for the 
organism's ability to utilize and tolerate a variety of alcohol environ­
ments. The results of these experiments will be discussed in section CI 
of this dissertation. However, at this time, we can suggest that the 
maintenance of this polymorphism may at least in part depend upon the 
disparate biochemical properties of and apparent observed between 
F S the products of the Adh and Adh genotypes. 
In addition, the other important property described by this study is 
that of the opposing heterotrophic interactions displayed by the ADH-S and 
ADH-F enzymes. These results suggest that physiologically relevant values 
of are probably dependent upon cellular concentrations of both alcohol 
and NAD. The disparity in this parameter, as well, may therefore play a 
significant role in the maintenance of the Adh polymorphism. 
In general, the role of ADH in alcohol adaptation is emerging as a 
more complex phenomenon than first envisioned. The results of this study 
F 
suggest that the probable fitness relationships which exist between Adh 
g 
and Adh genotypes via alcohol oxidation are not rigid but instead will 
32 
depend upon cellular concentrations of alcohol and NAD cofactor. In 
addition, there is evidence that both vivo levels of ADH (Laurie-
Ahlberg et al., 1980; McDonald and Ayala, 1978; Maroni, 1978; Barnes and 
Birley, 1978; Thompson et al., 1977) as well as in vivo levels of NAD 
(Rawls and Lucchesi, 1978; O'Brien and Maclntyre, 1972) are influenced by 
genetic elements mapping outside the Adh locus, thereby emphasizing the 
importance of genetic context and interaction in the adaptive process. 
3. Study II—determination of physical parameters 
a. Introduction In attempts to further describe molecular or 
phenotypic diversity, it is common to study a variety of physical parame­
ters of the protein or enzyme in question. The various parameters that 
are often examined include response co pH (pH optima), response to tem­
perature (temperature optima and thermostability), stability with regard 
to denaturating agents (i.e., urea) and electrophoretic mobility. These 
techniques are useful, not only in the possible description of functional 
diversity, but also a further means of detecting genetic variation. 
Electrophoresis, which is the most common method used to detect varia­
bility, reveals only approximately 30% of the total variability that may 
exist. This can be accounted for since not all amino acid substitutions 
will produce a detectable charge difference under standard electrophoretic 
conditions. The above techniques are, therefore, useful in uncovering 
genetic changes that may not otherwise be uncovered by zone electrophore­
sis, since those amino acid substitutions that do not affect electro­
phoretic mobility may instead affect other biochemical properties. The 
variants thus uncovered are often referred to as cryptic variants, since 
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they are undistinguishable electrophoretlcally from the major variant 
classes that exist within a natural population. The parameters studied in 
this section, in an effort to detect both functional and/or cryptic varia­
tion, include thermostability, in vitro stability and isozyme distribu­
tion. The additional reasoning for looking at these specific parameters 
1 - is- -gi-vea-bslawj 
An enzyme's response to temperature is often examined when a par­
ticular enzyme polymorphism is studied, since for many enzyme systems, 
there exists a latitudinal dine in allele frequencies that can be asso­
ciated with a similar dine in mean temperature. The clinal nature of 
these allele frequencies is such that one allele is most prevalent in 
northern or cooler climates, while the other allele is higher in frequency 
in southern or warmer climates. Such a dine exists for the Adh system in 
Drosophila melanogaster. Researchers have described a north-south dine 
F S (Adh prevalent in the north and Adh , the prevalent allele in the south) 
for Adh along the eastern seaboard of the United States (Vigue and 
Johnson, 1973), in Mexico (Pipkin et al., 1975) and the U.S.S.R. (Grossman 
et al., 1970). Correlations have been drawn from this clinal pattern and 
a number of temperature dependent properties of the ADH-F and ADH-S en­
zymes. Vigue and Johnson (1973) have reported differences in the tempera­
ture optimas of the two proteins with the ADH-S protein having a slightly 
higher temperature optima (45°C) than the ADH-F protein (40°G). As well, 
with regard to thermostability, a number of researchers have reported that 
the ADH-S protein is generally more heat stable than Che ADH-F protein (Gib­
son et al., 1980; Vigue and Johnson, 1973; Day et al., 1974a; Sampsell, 1977). 
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Both of these types of studies suggest that there is a selective or adaptive 
S 
reason for the existence or maintenance of this dine with the Adh 
F 
allele favored in warmer climates and the Adh allele favored in cooler 
climates. 
The measurement of thermostability informs us as to how a protein re­
sponds to denaturation by heat treatment (temperatures higher than physio­
logical conditions), but tells us little with regard to the processes of 
denaturation or proteolysis under less drastic conditions. These parame­
ters can be studied more directly by the measurement of ^  vitro stabili­
ty, the loss of enzyme activity at or near room temperature. Previous 
work has shown that the rate of this loss correlates well with ^  vivo 
stability, i.e., rate of enzyme degradation (Li and Knox, 1972; Hopgood 
and Ballard, 1974; Bond, 1975). Therefore, the determination of the rate 
of loss of ADH activity i^ vitro may be useful, not only in uncovering 
cryptic variants, but may also provide the beginning understanding of 
possible mechanisms responsible for the ADH CRM level difference reported 
in Study I; i.e., differences in the rates of enzyme degradation between 
the ADH-F and AJDH-S proteins. 
The electrophoretic banding pattern produced by the genetic variants 
at the Adh locus is somewhat unique (see Figure 1). The protein products 
of individuals homozygous at the Adh locus produce three zones of enzy­
matic activity rather than the customary single zone. Heterozygous indi­
viduals are unique as well in that they produce seven zones of ADH activi­
ty rather than the more usual three zones. The three zones of activity 
F S produced from Adh or Adh homozygous genotypes are the product of a 
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single locus (Grell et al., 1965) and, therefore, possess the same amino 
acid composition (Schwartz et al., 1979). The electrophoretic pattern is 
instead produced by a post-translational modification of the protein in­
volving the noncovalent addition or association of an NAD-carbonyl moiety 
(Jacobson et al., 1972; Schwartz et al., 1979) as first described by Everse 
et al. (1971). The three isozymes produced in this manner are referred to 
as ADH-5, ADH-3 and ADH-1 (i.e., ADH-F5, ADH-F3, ADH-Fl, ADH-S5, ADH-S3 
and ADH-Sl) and are associated with 0, 1 and 2 NAD-carbonyl moieties, re­
spectively. The pattern or percentage of these three isozymic forms for a 
given genotype is of extreme interest since the three forms differ, not 
only in electrophoretic mobility, but as well in a number of other proper­
ties, such as specific activity (Jacobson et al., 1972) and heat stability 
(Day and Needham, 1974; Jacobson, 1968; Jacobson et al., 1972). These 
differences are such that the ADH-1 form has the lowest specific activity 
but yet is also the most heat stable. Therefore, any differences in the 
distribution of the isozyme banding pattern may be helpful in understand­
ing reported differences in heat stability, total ADH activity, ADH CRM 
levels, etc. 
The scope of the work done in this section is, therefore, broad, 
concerning itself not only with the detection of functional diversity and 
adaptive significance but also the provision of initial probes into the 
control of gene expression on the post-translation level; i.e., rate of 
enzyme degradation, isozyme distribution. 
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b. Materials and methods 
1) The animals The Drosophila melanogaster strains examined 
in these studies are those described in Study 1. Thermostability studies 
were carried out on the products of strains F-1, F-2, F-3, S-1 and S-2, 
while in vitro stability and isozyme distributions were determined for 
strains F-1, F-2, S-1 and S-2. 
2) Thermostability determination Thermostability assays were 
carried out on both purified ADH as well as crude extracts. ADH was puri­
fied as previously described. Crude extracts were prepared by homogeniz­
ing 30 mg of 5±1 day post-ecloslon males in 1.0 ml of Tris-HCl, pH 8.6, 
and centrifuglng at 12,100xg for twenty minutes. 
Initial experiments were carried out to determine at which tempera­
ture the ADH protein begins to denature. This was accomplished by incu­
bating purified ADH for five minutes in a water bath that had been equili­
brated to the following temperatures: 25°, 30°, 35°, 40°, 45°, 50°, 55° 
and 60OC. In all cases, loss of enzymatic activity began to occur between 
40° to 45°C. Therefore, 45^0 was chosen as the temperature at which to 
conduct further thermostability studies. 
Thermostability studies were carried out by placing 0.2 ml of either 
crude extract or purified ADH in eppendorf microtubes and Incubating in a 
45°C water bath. The temperature in the water bath was kept constant by 
means of a constant-temperature Thermomix pump (model 1440). Preparations 
were exposed to the 45°C temperature for varying lengths of time (0-90 
minutes at 5 minute intervals) after which time they were immediately 
placed on ice until they were assayed for ADH activity. ADH activity de-
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terminations were as previously described, using 0.05 ml purified ADH or 
crude extract, 0.85 ml of 5% 2-propanol and 0.10 ml of 5 mM NAD"*", all in 
Tris-HCl, pH 8.6. 
3) In vitro stability Crude extracts were prepared as before 
using 30.0 mg of adult males 5-10 days post-eclosion. The supernatant was 
incubated at 25°C in test tubes sealed with Parafilm and assayed for ADH 
activity at 0, 8, 20, 24, 30, 36, 41 and 49 hours. 
4) Isozyme distribution Polyacrylamide gel electrophoresis 
of crude extracts (2 parts crude extract to 1 part 40% sucrose-1% Bio-
mophenol Blue) was carried out on 7% gels according to Smith (1968) using 
the Tris-HCl Buffer of Ornstein (1964) and Davis (1964). Gels were 
stained according to Ayala et al. (1972) and scanned at 650 nm in a 
Beckman ACTA II spectrophotometer. Gels were allowed to stain until end 
point staining (>_6 hrs) had been reached in order that they would reflect 
true differences in the amount of enzyme present in a specific isozymlc 
form rather than merely differences in the specific activities of the 
various forms. 
c. Results 
1) Thermostability studies The results of thermostability 
studies on both crude extract and purified ADH are given in Figures 5 and 
6. In all cases in which crude extracts were analyzed, >90% of the ADH 
activity was lost after 5 minutes of incubation at 45°C. All crude ex­
tracts were extremely labile to heat treatment and no significant differ­
ences were detectable between strains. In contrast, the thermostabilities 














Figure 6. Heat : 
melanoeaq 
inactivation profiles 
ter of ADH purified from 
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both within and between the ADH-F and ADH-S forms of the enzyme is clearly 
evident. The relative thermostabilities of the various strains are such 
that F-1 >> S-1 > F-2 > S-2 > F-3. Although these results suggest the 
existence of hidden or cryptic variation within an electrophoretic class, 
they are not in agreement with the previously reported generalization that 
the ADH-S enzyme is more heat stable than the ADH-F form. A comparison of 
the two studies indicates that the inactivation profile observed for crude 
extracts is probably not a reflection of the denaturation pattern of the 
protein itself, but rather may reflect either a temperature dependent 
activation of protease activity or a temperature dependent increase in the 
enzyme's susceptibility to protease activity. 
2) In vitro stability The stability of ADH ^  vitro has 
determined by monitoring the loss of ADH activity from crude homogenates 
(2 replicates/strain) versus time. The results of this study are pre­
sented graphically in Figure 7. As a means of comparison, T^yg values 
(the time it takes to lose 50% of the original activity) were determined 
both graphically as well as statistically by least squares linear regres­
sion analysis of percent original activity versus time. The results are 
presented in Table 4. The four strains examined do not differ signifi­
cantly for this parameter and, therefore, appear to be approximately 
equivalent in their susceptibility to vitro denaturation or degrada­
tion. In addition, there seems to be no correlation between i^i vitro 
stability and heat stability, suggesting these two properties may in fact 
be independent. 
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Table 4. In vitro stability expressed as T1/2 (time to lose 50% original 
activity) for four strains of Drosophila melanogaster 
Strain '^1/2 '^1/2 (hrs)^ 
F-1 28.0 26.2±0.40 
F-2 30.0 27.6±0.30 
S-1 36.5 32.0±2.2 
S-2 20.0 23.1+3.9 
Ti/2 = graphical determination. 
^T{/2 = linear regression determination of % remaining activity 
versus time. 
As mentioned previously, in cases where it has been examined, there 
exists a positive correlation between ^  vitro stability and the vivo 
rate of degradation of an enzyme. This relationship for ADH will be ex­
amined in further detail in section B2. 
3) Isozyme distribution Polyacrylamide gel electrophoresis 
of crude homogenates when stained specifically for ADH routinely give 
three zones of enzymatic activity. This is evident from a typical gel 
scan presented in Figure 8. The percentage of enzyme in any one isozymic 
form was determined after the gels were scanned by cutting out the respec­
tive peaks and weighing them, with the percentage of total weight (total 
area) representing the relative amount of protein in that peak. The re­
sults are presented in Table 5. There exists no significant difference in 
the isozyme distribution between the four strains examined. On the 
average, approximately 55% is found in the ADH-5 form with 34% and 11% in 
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12 24 36 48 60 
Time (hrs) 
Figure 7. Graphical presentation of in vitro stability of ADH from 
strains F-1  (O) ,  F-2  (A ) ,  S -1  (O) and S-2  ( • )  
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Table 5. Isozyme distribution for four strains of Drosophila melanogaster 
Strain % ADH-5 % ADH-3 % ADH-1 
F-1 59.0±5.0 32.5±3.5 8.5±1.5 
F-2 54.5±1.5 35.Oil.0 10.5+0.5 
S-1 51.5±5.5 36.0±2.0 13.0±3.0 
S-2 56.8±0.10 32.9±1.1 10.0±0.3 
the ADH-3 and ADH-1 forms, respectively. Even though for these four 
strains, genotype does not appear to significantly affect isozyme distri­
bution, data will be presented in latter sections showing that develop­
mental stage, environmental factors, genotype and genetic background can 
in some instances significantly affect isozymic distribution. 
d. Discussion Attempts to uncover consistent molecular diversity 
among the parameters of thermostability, vitro stability and isozyme 
distribution have been less successful than the studies of kinetic 
parameters, in which diversity was demonstrated, both within and between 
electrophoretic classes. The most interesting part of this study is the 
thermostability data and its comparison with previous studies. 
Investigators interested in the study of thermostability variants 
often use crude homogenates or partially purified extracts, i.e., separa­
tion by electrophoresis, in their attempts to discern such variants. The 
study described here suggests that spurious results may be arrived at from 
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gure 8. Gel scan of a polyacrylamide gel Stained specifically for ADH, revealing the 
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forms of ADH 
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of other factors affecting enzyme stability, i.e., proteases. Instead, 
thermostability studies are probably more reliable if carried out on pure 
enzyme preparations. 
Moreover, the results of previous studies have led to the generaliza­
tion that the ADH-S enzyme is more heat stable than the ADH-F protein. 
The results presented here show this not to be a hard and fast rule. The 
degree of thermostability does not seem to be diagnostic of an electro-
phoretic class, i.e., some ADH-S proteins are more stable than some ADH-F 
proteins and vice versa. These results are also suggestive that the 
clinal allele frequencies that exist at the Adh locus are not dependent 
upon such parameters as temperature optima or heat inactivation, since the 
temperatures at which these phenomena are observed, 40-45° (104-113°F), 
generally represent extreme conditions for the environments which Dxoso-
phila melanogaster inhabits. Instead, temperature variation probably 
elicits a more subtle response such as an effect on kinetic parameters 
(Hochochka and Somero, 1973) rather than the gross level response of heat 
inactivation. 
One other interesting point concerns the unusual heat resistant be­
havior of strain F-1 ADH. Its extreme resistance to heat treatment is not 
unlike that of other cryptic variants found within the Adh^ electro-
71k. "Py 
phoretic class, i.e., Adh (Thorig et al., 1975), Adh (Sampsell, 1977) 
and Adh^^^'^' (Gibson et al., 1980). It does differ with regard to its 
other biochemical properties, however. The Adh^^^, Adh^^ and Adh^•Ch.D. 
variants, even though they are indistinguishable from other Adh^ alleles 
g 
by electrophoresis, behave more like an Adh allele biochemically, i.e.. 
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total ADH activity (Gibson et al., 1980). This is not true for the ADH 
F 
enzyme isolated from strain F-1, for it is biochemically like other Adh 
alleles, i.e., ADH activity, CRM levels, Michaelis-Menten parameters, 
F 
etc., and, therefore, is unlike other Adh heat resistant variants that 
have previously been described. 
The other properties examined, in vitro stability and isozyme distri­
bution, failed to show any significant variation between strains. How­
ever, these parameters and their possible adaptive significance will be 
discussed in more detail in other sections of this dissertation (B2 and 
C2). 
B. Control of Gene Expression at the Adh Locus 
1. Rationale of the approach 
The regulation of gene expression is basic to the living organism. 
In eukaryotes, it is through the regulation of its genes that the organism 
accommodates not only the processes of development but also allows for 
responses to physiological conditions, thereby helping to define the 
phenotype of the organism. This relationship provides the necessary con­
nection between the study of gene regulation and evolution, since it is on 
the phenotype and the phenotypic variation produced that natural selection 
acts. Therefore, it is necessary in the study of adaptation not only to 
describe the adaptive phenotype but also to probe the mechanism(s) by 
which this phenotype is produced. 
Biochemical adaptation concentrates on the molecular phenotype which 
involves the expression and/or action of specific enzymes. Therefore, the 
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examination of gene-enzyme systems by biochemical and genetic means pro­
vides an excellent starting point for both the study of adaptation and the 
analysis of eukaryotic gene regulation. 
In principle as well as in practice, eukaryotic genes can be con­
trolled or regulated at any one or any combination of four levels. These 
include transcriptional, post-transcriptional, translational and/or post-
translational level controls. The possible points of control within any 
one of these general levels may be multifaceted as well. Transcriptional 
control, for example, can be exerted at many points including the availa­
bility of the DNA template and/or the initiation, rate or termination of 
transcription. Post-transcriptional level controls can occur at the 
levels of processing and maturation of mRNA, transport of mRNA and mRNA 
degradation. Translational controls include the availability of mRNAs, 
aminoacylated tRNAs and/or ribosome subunits as well as the rate of initia­
tion, continuation and/or termination of protein synthesis. Post-transla-
tional control can occur through modifications of protein structure, 
activation or inactivation of the protein, protein stability or intra­
cellular compartmentation. In order to detect the level of control and 
its exact nature, it is necessary to choose a system ammenable to such 
analysis. 
Drosophila provides such a system. Over 60 gene-enzyme systems have 
been defined both biochemically and genetically in Drosophila melanogaster 
(O'Brien and Maclntyre, 1978), Temporal variation, affecting either the 
level of gene expression throughout development or at a particular life 
stage, and spatial variation, affecting the tissue specificity of gene 
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expression, have been described for many of these gene-enzyme systems 
(Dickinson and Sullivan, 1975; O'Brien and Mclntyre, 1978). Therefore, 
structural genes and their expression are well-defined genetically, bio­
chemically and developmentally. In addition, at least preliminary identi­
fication of regulatory or modifier genes that affect structural gene ex­
pression have been reported for Drosophila melanogaster (reviewed by 
Hedrick and McDonald, 1980; Paigen, 1979). Through genetic analysis, 
many of these regulatory and/or modifier loci have been mapped to a par­
ticular chromosome or a specific location on that chromosome. The su­
periority of Drosophila over other eukaryotes with regard to the study of 
gene regulation centers on these genetic advantages, since it is possible 
not only to describe a regulatory phenomenon but also to localize it to a 
particular region of the genome. 
The utility of Drosophila as a model system is becoming more and more 
apparent due to the increasing number of reports of regulatory or modifier 
genes that affect specific enzymes. These studies have identified loci 
that affect both temporal and spatial gene expression. In addition, they 
have described the existence of both regulatory genes tightly linked to 
the structural locus which they affect (cis-acting) as well as those that 
map far away from the structural locus (trans-acting). As a brief sum­
mary, cis-acting regulatory genes have been reported for the following 
gene-enzyme systems in Drosophila; aldehyde oxidase (E.G.1.2.1.3., 3: 
56.6) (Dickinson, 1975), amylase (E.C.3.2.1.1., 2:77.3) (Abraham and 
Doane, 1978), xanthine dehydrogenase (E.G.1.2.3.2., 3:52.0) (Ghovnik et 
al., 1977) and alcohol dehydrogenase (E.G.1.1.1.1., 2:50.1) (Thompson 
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et al., 1977; Maroni, 1978). These cls-actlng elements may act either 
temporally (aldehyde oxidase and alcohol dehydrogenase), affecting the 
levels of enzyme activity or crossreacting material, or spatially (amyl­
ase), affecting the tissue specific expression of the particular gene 
product. Trans-acting regulatory elements have been identified for the 
following gene-enzyme systems: amylase (Doane, 1977), alcohol de­
hydrogenase (McDonald and Ayala, 1978; Barnes and Birley, 1978; Laurie-
Ahlberg et al., 1980), glucose-6-phosphate dehydrogenase (E.G.1.1.1.49. 
1:36.0), fumarate hydratase (E.C.4.2.1.2., 1:19.9), «-glycerophosphate 
dehydrogenase (E.G.1.1.1.8., 2:20.5) and aldehyde oxidase (Laurie-
Ahlberg et al., 1980). The mode of regulation may again be such that it 
affects either tissue specificity (amylase) or the level of enzyme activi­
ty (alcohol dehydrogenase, glucose-6-phosphate dehydrogenase, a-glycero-
phosphate dehydrogenase, fumarate hydrotase and aldehyde oxidase). 
Given the excellent model system of Drosophila, many questions con­
cerning the structure and function of the eukaryotic genome that are 
pertinent to both the study of evolution and gene regulation may be asked. 
What is the relative importance of structural gene polymorphisms versus 
regulatory gene polymorphisms to the process of adaptation? What levels 
of control can be directly attributed to the structural gene? What levels 
of control are exerted by regulatory genes? Are cis-acting regulatory 
genes actually discrete units or do they represent nonexpressed sequences 
of the structural gene? What are the products of trans-acting regulatory 
genes? Proteins? RNAs? How much of the eukaryotic genome that is not 
expressed as a final gene product has a regulatory function? These kinds 
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of questions can be answered through a detailed analysis of specific gene-
enzyme systems such as those previously described in Drosophila. 
In this section, I will examine a variety of properties concerning 
the regulation of alcohol dehydrogenase gene expression in Dros'ophila 
melanogaster. Three separate studies are included involving (1) temporal 
variation in alcohol dehydrogenase activity during development, (2) de­
velopment of a technique to measure and the measurement of the turnover of 
the alcohol dehydrogenase protein and (3) initial characterizations of the 
affects of third chromosome trans-acting regulatory elements in Adh gene 
expression. The studies were undertaken in hopes they may shed light on 
the regulation of Adh gene expression particularly at the translational 
and post-translational levels. 
2. Study I—changes in the levels of alcohol dehydrogenase during 
Drosophila melanogaster development 
a. Introduction Drosophila melanogaster is a holometabolous 
insect in which the larval and adult forms are very different morpho­
logically. The transition from the larval to adult form involves the 
passage through a pupal stage. During this metamorphosis, there is a 
histolyzation of larval tissues with a concurrent growth and differen­
tiation of larval imaginai disc tissues into their respective adult 
tissues. Because of this developmental program, Drosophila has been 
a favorite organism for the study of developmental changes in gene 
expression, i.e., the activation and/or repression of specific 
genes or batteries of genes. Two general approaches have been used 
to study the developmental changes in gene activity in Drosophila: 
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the monitoring of chromosomal puffing patterns in polytene chromosomes and 
the study of developmental patterns of enzyme activity. 
During the larval and prepupal stages of development, there exist 21 
specific stages of puffing activity observable in the polytene chromosomes 
of Drosophila melanogaster (Ashburner, 1970). It was long suspected that 
the appearance or regression of specific puffs reflected the turning on or 
turning off of specific genes during development. This is in fact the 
case, since puffing activity is correlated with the production of specific 
RNAs (Beerman, 1972) and parallel patterns of protein synthesis (Lewis 
et al., 1975). Whether or not the changes in puffing patterns are re­
sponsible for the implementation of developmental programs in Drosophila 
is not known, but it does suggest that transcriptional level controls are 
active during the developmental process. 
The monitoring of enzyme activity during Drosophila melanogaster de­
velopment has shown that many enzymes display life stage and/or tissue • 
specific variation in total activity (Dickinson and Sullivan, 1975; 
O'Brien and Maclntyre, 1978). Temporal variation in enzyme activity has 
been demonstrated for over 30 gene-enzyme systems in Drosophila melano­
gaster (O'Brien and Maclntyre, 1978). In many cases, a variety of en­
zymes will display a similar developmental profile of enzymatic activity, 
such as the majority of enzymes dealing with carbohydrate metabolism, 
thus, suggesting possible mechanisms of coordinate control. The mecha-
nism(s) responsible for these changes in enzymatic activity are essen­
tially unknown, but may in fact reflect changes in the rate of transcrip-
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tion, the rate of protein turnover, the specific activity of the enzyme or 
other possible modes of control. 
The alcohol dehydrogenase gene-enzyme system of Drosophila melano-
gaster is ideally suited for the study of its regulation throughout de­
velopment and may therefore provide answers as to possible mechanisms by 
which temporal variation in enzyme activity is regulated. Ursprung and 
colleagues have established that both life stage and tissue specific 
variation exists for ADH in Drosophila melanogaster (Ursprung et al., 
1968, 1970). During development, ADH activity increases steadily from egg 
to larva, reaching a peak at late third instar. Activity then decreases 
during the pupal stages and after eclosion increases again until it reach­
es a relatively stable level in mature adults (Hewitt et al., 1974). 
There is inferential evidence suggesting that these changes observed may 
be due to changes in the level of transcription. The Adh locus has been 
cytogenetically localized to a two-band region on the second chromosome 
(35B2-3) (Woodruff and Ashburner, 1979), part of an area which is known to 
undergo active transcription during the late third instar (Beerman, 
1972), an early developmental stage when ADH activity is high. Although 
such findings suggest control at the level of transcription, they do not 
preclude the possibility of additional or alternative modes of regulation 
at the post-transcriptional or post-translational levels. 
In this study, I am concerned with the possibility that the observed 
fluctuations in enzyme activity may at least in part be controlled by 
functionally significant post-translational changes in the ADH protein 
occurring over Drosophila melanogaster development. Areas to be examined 
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as possible control points responsible for ADH activity fluctuations in­
clude changes in isozyme distribution, changes in specific activity 
(activity/antigenicity) and changes in CRM levels that may be brought 
about by differential rates of ADH turnover. 
b. Materials and methods 
1) The animals The four strains of Drosophila melanogaster 
examined in this study, F-1, F-2, S-1 and S-2, were constructed as previ­
ously described (section Al). 
2) Synchrony of developmental stages Third instar larve, 
late pupae (eyes and wing pads visible) and adults (6-10 days post-
eclosion) of a known age were obtained by allowing flies to deposit eggs 
on the surface of fresh food for an interval of 5 hours. Organisms col­
lected at any given life stage were, therefore, identical in average age 
±2.5 hours. 
3) Enzyme assays Organisms at each life stage were collected 
from replicate bottles, weighed (60 mg) and homogenized by hand with a 
glass tissue grinder in 1.0 ml of 100 mM Tris-HCl, pH 8.6, and centrifuged 
at 12,100xg for twenty minutes. ADH activity was determined by a slight 
modification of the technique of McDonald and Avise (1976) using an assay 
mixture containing 0.9 ml of 5% 2-propanol-Tris-HCl (pH 8.6), 0.1 ml of 
5 mM NAD-Tris-HCl and 0.01 ml of crude extract. The reduction of NAD to 
NADH was monitored by observing the change in absorbance af 340 nm in a 
Beckman ACTA II spectrophotometer. Activity is expressed as AOD/mg live 
weight/minute; ADD/individual/minute; and AOD/mg protein/minute. The mg 
protein content of crude extract was determined by the method of Bradford 
(1976). 
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4) Electrophoresis Polyacrylamide disc gel electrophoresis 
was carried out according to the techniques of Smith (1968). Gels were 
stained according to Ayala et al. (1972) and scanned in a Beckman ACTA II 
spectrophotometer at 650 nm. 
5) Immunological techniques Antisera prepared to purified 
ADH was used to estimate the amount of ADH crossreacting material using 
two separate techniques. Immunodiffusion gels were prepared and used 
according to the methods of Mancini et al. (1965). Diameters were plotted 
against the log of relative concentration as recommended by Fahey and 
McKelvey (1965). Immunotitration was carried out by a modification of the 
technique of Dickinson (1975). The amount of antibody was kept constant 
while increasing amounts of crude extracts were added to the reaction mix­
ture. After incubation overnight at 4°C, an excess of goat anti-rabbit 
sera was added to the mixture (1 part ADH antibody to 3 parts goat anti-
rabbit sera) and incubated for an additional hour and one-half. The sam­
ples were centrifuged at 27,000xg for twenty minutes. Enzyme activity 
measured in the supernatant was plotted against crude extract volume. The 
term "equivalence point" is used to describe the volume of crude extract 
at which enzyme activity begins to appear in the supernatant. As in the 
immunodiffusion technique, serial dilutions of the crude extract were 
prepared and the "equivalence point" for each dilution determined. Plot­
ting equivalence point versus relative concentration results in a linear 
relationship to be used as a standard for comparison. 
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c. Results 
1) Developmental profile of ADH activity Table 6 presents 
ADH activities ± standard error measured at three life stages for each of 
the four strains studied. For purposes of comparison, activities are ex­
pressed per mg live weight, per individual, and per mg total protein. 
The pattern and degree of activity differences are quite comparable be­
tween the life stages for all three expressions of enzyme activity. 
All strains examined display a characteristic U-shaped developmental 
pattern (Ursprung et al., 1970; McDonald and Avise, 1976; Avise and 
McDonald, 1976), although the magnitude of the differences between life 
stages may vary between strains (Figure 9). 
2) Developmental profile of amount of ADH crossreacting material 
Since all strains examined showed a characteristic U-shaped fluctuation in 
ADH activity over development, the possibility that this fluctuation is 
due to different levels of enzyme present was examined next. Two separate 
immunological techniques were employed in estimating the amounts of ADH 
CRM present: radial immunodiffusion and immunotitration. 
(a) Radial immunodiffusion When an unknown amount of 
antigen is allowed to diffuse from a well in a uniformly thin layer of 
agarose containing antibody gel for sufficient time to allow all the 
antigen to combine with antibody, the final area reached by the precipi­
tate is directly proportional to the amount of antigen used and inversely 
proportional to the concentration of antibody (Garvey et al., 1977). How­
ever, in order to translate relative areas of precipitation into relative 
antigen concentrations, it is necessary to establish a calibration curve 
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Table 6. ADH activity in crude extracts of three developmental stages in 
four strains of Drosophila melanogaster 
Life Activity Activity 
Strain stage mg. wet wgt. Activity/ind. mg, protein 
s-•1 Adult 0.456+0.023 0.438+0.022 783.0±39.8 
Pupa 0.095+0.016 0.077±0.013 170.0±27.8 
Larva 0.178+0.046 0.250±0.064 352.0±90.2 
s-•2 Adult 0.368±0.084 0.356+0.081 632.0+144.6 
Pupa 0.196±0.015 0.196±0.015 316.0±24.8 
Larva 0.226±0.083 0.280±0.103 459.0+169.8 
F-•1 Adult 1.710+0.013 1.718+0.011 3162.0+21.1 
Pupa 0.773+0.070 0.603±0.054 1290.01116.9 
Larva 1.154+0.011 1.394±0.013 2379.0+23.9 
F-•2 Adult 1.54210.018 1.550±0.024 2959.0±57.4 
Pupa 0.390+0.115 0.393±0.116 825.0±242.6 
Larva 0.983+0.048 1.567+0.077 2698.0±131.6 
prepared with serial dilutions of the sample being analyzed. Plotting 
diameter of the precipitate ring versus the log of relative concentration 
results in a linear relationship and, therefore, can be used as a standard 
of comparison for unknown samples. 
The percent of adult CRM levels present in any life stage was deter­
mined from serial dilutions of adult extracts. In Figure 9, when compared 
against adult levels, changes in amount of CRM and activity closely paral­
lel each other. In all cases, the adult stage showed the highest activity 
and CRM levels, with the pupal stage lowest, and the larval stage inter­
mediate. Results in Tables 6 and 7 are also in agreement with previous 
findings in that the two Adh^ strains examined exhibit consistently higher 
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Figure 9. Developmental profile of relative levels of ADH activity (•) 
and ADH crossreaction material (O) measured at three life 
stages in four strains of Drosophila melanogaster 
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Table 7. Relative amounts of ADH crossreacting material determined by-
radial immunodiffusion 
Strain Life stage I.D. ring diameter S.E. % adult amount 
S-1 Adult^ 11.25 0.29 100.0 
Pupa 8.23 0.37 39.1 
Larva 8.88 0.13 47.8 
s-2 Adult^ 10.90 0.24 100.0 
Pupa 7.72 0.21 31.7 
Larva 9.00 0.18 50.3 
F-1 Adult* 14.80 0.56 100.0 
Pupa 10.00 0.22 34.3 
Larva 12.38 0.44 58.3 
F-2 Adult* 14.53 0.24 100.0 
Pupa 11.05 0.55 46.5 
Larva 12.65 0.24 66.1 
^Equations of best fit lines when diameter of precipitate ring is 
plotted against log of relative concentration. 
S-1 y = 7.40 X -3.85 r = 0.98 
S-2 y = 6.37 x -1.94 r = 1.00 
F-1 y = 10.33 X -C 27 r = 0.99 
F-2 y = 10.47 X -6.45 r = 1.00 
(b) Immunotitration In order to verify the accuracy of 
CRM level estimates determined by radial immunodiffusion, another similar 
technique, immunotitration, was employed. Immunotitration was performed 
over a series of dilutions of adult extracts of strains F-2 and S-2 in 
order to determine the equivalence point at each dilution. Equivalence 
point could then be plotted against the log of relative concentration and 
the linear relationship demonstrated. Results of the immunotitration ex­
periments are presented in Table 8 and are as expected in very good agree­
ment with those determined by immunodiffusion. 
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Table 8. Relative amounts of ADH crossreacting material determined by 
iramunoprecipitation 
Strain Life stage Equivalence point % adult amount 
S-2* Adult* 83.7 100.0 
Pupa 187.7 32.1 
Larva 128.6 61.2 
F-2 Adult* 19.8 100.0 
Pupa 93.0 48.5 
Larva 52.9 71.8 
^Equations of best-fit lines when equivalence point is plotted 
against log of relative concentration. 
S-2 y = -210.89 x +500.3 r = 0.94 
F-2 y = -232.80 x +472.56 r = 0.96 
The results of both immunological techniques agree with the idea that 
the changes in ADH activity over development are caused primarily by 
changes in levels of crossreacting material rather than by drastic changes 
in the specific activity of the enzyme at each developmental stage. This 
study plus the one of Dickinson (1975) with the aldehyde oxidase gene-
enzyme system are the only ones in which the cause for developmental 
changes in enzyme activity have been determined. In both cases, the pri­
mary cause of enzyme activity level fluctuations is a concomitant change 
in the levels of the specific enzyme present at each developmental stage, 
3) Developmental profile of isozyme distribution The same 
extracts that were assayed for activity and CRM levels were also examined 
by polyacrylamide gel electrophoresis. When such gels are stained spe­
cifically for ADH activity, three separate isozyme bands are observed 
based upon their association with an NAD^-carbonyl complex (Schwartz 
et al., 1975). These isozymes are of interest since they not only differ 
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in electrophoretic mobility but also a number of other parameters, such as 
specific activity (Day and Needham, 1974), kinetic parameters (Day and 
Needham, 1974) and stability (Jacobson, 1968; section C2 of this disserta­
tion) . Therefore, it is a plausible and testable hypothesis that changes 
in isozyme distribution may be, at least in part, the basis of other ob­
served ^  vivo properties such as the fluctuations in enzyme activity or 
CRM levels throughout development. 
Results presented in Table 9 not only show that isozyme distributions 
are relatively constant between life stages within an electrophoretic 
class but also that this relationship holds true between electrophoretic 
classes as well. The average distribution of the ADH-5, ADH-3 and ADH-1 
forms are 55%, 34% and 11% for adults, 60%, 31% and 9% for pupa, and 57%, 
32% and 11% for larva. This observation is, therefore, inconsistent with 
the hypothesis that changes in isozyme distribution over development are 
largely responsible for other developmental properties of the ADH enzyme. 
d. Discussion Temporal variation in enzyme activity is very 
common in Drosophila melanogaster with over 30 enzyme systems exhibiting 
such variation. Alcohol dehydrogenase is such a system, since it exhibits 
a characteristic profile of enzymatic activity during its developmental 
program. Therefore, in this study, after examining enzymatic activity, 
enzyme concentration or CRM levels and isozyme distribution over three 
distinct developmental stages, two major conclusions can be derived from 
the results presented here. First, the characteristic changes in ADH 
activity levels which occur over Drosophila melanogaster development are 
predominantly, if not exclusively, the result of quantitative changes in 
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Table 9. Percentages of isozyme forms present at three life stages in 
four strains of Drosophila melanogaster 
Strain Life stage % ADH-5 % ADH-3 % ADH-1 
S-1 Adult 51.5±5.5 36.0±2.0 13.0+3.0 
Pupa 63.5±3.5 23.5+0.5 13.0±3.0 
Larva 67.0±3.0 23.5+1.5 14.0±3.0 
S-2 Adult 56.8±0.1 32.9±1.1 10.0±0.3 
Pupa 66.3±5.4 30.9±3.8 2.8±1.7 
Larva 62.9±7.7 29.9±5.8 7.1+1.9 
F-1 Adult 59.0±5.0 32.5±3.5 8.5±1.5 
Pupa 53.5+7.5 36.0±4.0 10.5±3.5 
Larva 48.5±7.5 36.5±1.5 15.0±6.0 
F-2 Adult 54.5±1.5 35.0±1.0 10.5±0.5 
Pupa 59.0±2.0 33.5±0.5 8.0±1.0 
Larva 51.0±0»0 39.5±0.5 lO.OlO.O 
the amount of enzyme present (CRM) rather than qualitative changes affect­
ing the enzyme's specific activity. Second, the developmental fluctua­
tions that occur in the ADH system are not the result of the only known 
form of post-translational modification capable of affecting biochemical 
properties of the enzyme. Instead, fluctuations in the amount of ADH pro­
tein during development are probably due to fluctuations in the rate of 
turnover of the ADH protein, i.e., changes in the relative rates of ADH 
synthesis vs. degradation. A further treatment of how turnover rates can 
affect levels of ADH CRM is presented in the next section. 
The U-shaped profile of enzymatic activity is not unique to the ADH 
system, but rather many other enzymes including a-glycerophosphate de­
hydrogenase, malate dehydrogenase (E.C.1.1.1.37., 2:35.3), amylase, 
xanthine dehydrogenase and fumerase exhibit a similar profile (O'Brien and 
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Maclntyre, 1978). Also, other enzymes besides ADH, such as xanthine de­
hydrogenase (Finnerty and Johnson, 1979) and «-glycerophosphate dehydro­
genase (Bewley et al., 1974) are known to be able to undergo a form of 
post-translational or epigenetic modification. Therefore, since both of 
these properties are not unique to ADH, it is possible that an approach 
similar to that presented here may be and should be applied to other en­
zyme systems in order to elucidate possible mechanisms of gene action and 
possible modes of coordinate control of genes or gene products during de­
velopment. It is, however, somewhat disheartening that up to this point 
only two enzyme systems (alcohol dehydrogenase and aldehyde oxidase) out 
of the 30 or more that display temporal variation in enzyme activity have 
been characterized as to the nature of the control of this variation. 
Since Drosophila offers such a good system by which to study gene regula­
tion, especially over development, considerable more effort must be put 
into the study of not only the temporal control of enzyme activity but 
also the tissue specific or spatial control. The study of temporal con­
trol provides us with a gross level understanding of gene regulation but 
studies directed at spatial level controls will allow for the finer dis­
section of the organism's developmental program, since this level is con­
cerned with the activation or repression of specific genes in specific 
tissues as a part of the overall developmental program. 
3. Study II—determination of turnover rates for the ADH protein 
As previously mentioned, the biological regulation of a gene or gene 
product can and does occur on many levels. One level in both prokaryotes 
as well as eukaryotes is that of protein turnover, the process by which 
proteins are continuously broken down and renewed. Protein turnover com­
prises a major means by which cellular protein concentration can be regu­
lated in. both prokaryotic and eukaryotic systems (reviewed. Glass and 
Doyle, 1972; Hershko, 1973; Goldberg and Dice, 1974; Schimke and 
Katunuma, 1975; Goldberg and St. John, 1976; Ballard, 1977; Fritz and 
Pruitt, 1977; Segal and Doyle, 1978; Florkin and Stotz, 1980). The steady 
state level of a particular enzyme is dependent on both the rate of 
synthesis and the rate of degradation of that enzyme as defined by the 
equation k^ = [E]kd (k^ = rate constant of synthesis; kd = rate constant 
of degradation and [E] = enzyme concentration). 
Reliable methods for measuring the rate of protein turnover vivo 
are available and in most cases, involve the use of radioactively labeled 
amino acids or other precursors. The rate of synthesis is generally esti­
mated from the incorporation of label into protein during a short time 
interval after the administration of the labeled precursor. At short 
times after the administration, the rate of increase of label in protein 
is governed almost exclusively by the rate of synthesis. During this 
interval, the rate of loss of label from the protein(s) of interest 
should remain negligible and, therefore, the rate of breakdown should have 
little influence on the rate of accumulation of label into protein. Rates 
of protein degradation, on the other hand, are routinely determined by the 
incorporation of a pulse of radioactively labeled amino acids info newly 
synthesized protein and monitoring the rate of loss of that label over 
time. The accuracy of turnover values estimated by these approaches is a 
function of (1) the ability to rapidly isolate the protein or enzyme of 
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interest from all other labeled polypeptides and (2) a method to minimize 
the reincorporation of labeled amino acids from degraded protein into 
newly synthesized ones. The first criterion is often satisfied by the 
precipitation of the protein or enzyme of interest with antibody prepared 
specifically against that protein. Minimization of the reincorporation of 
labeled precursors is usually much more difficult to circumvent, but in 
most cases is achieved by chasing the initial pulse with an excess of 
nonradioactively labeled precursors. 
Protein turnover has been most extensively studied in mammals with 
the liver proteins of rats being the most well characterized system. In 
Drosophila, however, protein turnover studies have been limited. The 
studies that have been performed have concentrated primarily on the proc­
ess of aging (Smith et al., 1970) with most of the attention being placed 
on the turnover of either total protein (Bozcuk, 1976; Smith et al., 1970) 
or the removal of abnormal proteins (Bozcuk, 1976), in an effort to test 
the error-catastrophe hypothesis of Orgel (Orgel, 1963, 1973). Little, if 
any, effort has been directed towards the study of protein turnover as a 
means of regulating the product of a specific gene. In this study, how­
ever, I will describe the development of the techniques by which to meas­
ure the rates of ADH synthesis as well as ADH degradation in hopes of 
testing the hypothesis that the steady state CRM levels associated with 
the various electrophoretic alleles can be explained by differences in ADH 
turnover (rates of synthesis vs. rates of degradation). 
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b. Materials and methods 
1) The animals Five strains of flies were used in this 
study. Four strains (F-1, F-2, S-1 and S-2) were constructed as mentioned 
previously (McDonald and Ayala, 1978). The fifth strain, an ADH-Null 
strain (Adh^^^ pr cn), which lacks all detectable crossreacting material 
(CRM ) (O'Donnell et al., 1977), was kindly provided by W. Sofer. Newly 
emerging male flies were collected and aged so that anytime during the 
experiments they were between 5 and 12 days old, a period during which ADH 
activity and CRM levels remain constant, i.e., steady state levels 
(Hewitt et al., 1974). 
2) Enzyme assays ADH and a-GPDH activity was measured 
according to McDonald and Avise (1976). MDH activity was measured accord­
ing to McReynolds and Kitto (1970). 
The alcohol dehydrogenase reaction mixture contained 0.8 ml 5% 2-
propanol, 0.1 ml 5 mM NAD and 0.1 ml crude extract all in Tris-HCl buffer, 
pH 8.6. The a-glycerophosphate dehydrogenase reaction mixture contained 
0.8 ml 370 mM DL-a-glycerophosphate, 0.1 ml 5 mM NAD and 0.1 ml crude 
homogenate. The malate dehydrogenase reaction mixture consisted of 0.8 ml 
1 mM oxaloacetic acid, 0.1 ml 1 mM NADH and 0.1 ml crude homogenate. All 
enzyme activities were determined by monitoring the change in absorbance 
per minute in a Beckman ACTA II spectrophotometer. 
3) Immunological techniques Antibody to ADH was prepared in 
New Zealand white rabbits to Drosophila melanogaster ADH that had been 
purified to greater than 90% homogeneity. Goat anti-rabbit sera was 
purchased from Research Products International (Elk Grove Village, 111.). 
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ADH CRM levels were estimated using the radial immunodiffusion tech­
nique of Mancini et al. (1965). As a standard of comparison, serial dilu­
tions of crude homogenates were performed and the precipitate ring diame­
ter plotted versus the log of relative concentration as recommended by 
Fahey and McKelvey (1965). 
Immunotitration experiments were carried out on crude homogenates 
(45 mg wet wgt./ml) using anti-ADH prepared in rabbits and goat anti-
rabbit sera as a second precipitating agent. Various quantities of anti-
ADH sera (0, 1, 5, 7.5, 10, 12.5, 15 and 20 yl) were added to a constant 
quantity of crude extract (20 pi) and incubated overnight at 4°C. After 
incubation, a series of quantities of goat anti-rabbit sera were added 
(v/v anti-ADH/goat anti-rabbit sera 1:1, 1:3 and 1:5) and incubated an 
additional 11/2 hours. At this time, the antibody-antigen complexes were 
pelleted by centrifugation at 27,000xg for twenty minutes. The super-
natants were then assayed for ADH activity. For strains F-1 and F-2, all 
ADH activity was precipitated from the 20 pi samples of crude extract by 
15 yl of anti-ADH sera and 45 yl of goat anti-rabbit sera (1:3 v/v anti-
ADH/goat anti-rabbit sera). For strains S-1 and S-2, 10 yl of anti-ADH 
sera and 30 yl of goat anti-rabbit sera was sufficient to precipitate all 
ADH activity. A sample titration curve is presented in Figure 10. 
4) Determination of rate of ADH degradation Adult male 
Drosophila melanogaster aged to 5-6 days post-eclosion were fasted for 4 
hours then placed in a half-pint milk bottle, the bottom of which had been 
layered with filterpaper which was soaked with 1.0 ml of a 3% sucrose-H^O 
solution plus 125 yl of [^^C] L-amino acid mixture (50 mCi/ymole, pur-
Figu re  10 .  
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A ADH Antisera 
Titration curve showing that 15 yl of anti-ADH sera plus 45 yl of goat anti-rabbit sera 
is sufficient to precipitate the alcohol dehydrogenase present in 20 yl of Drosophila 
melanogaster crude extract (45 mg/ml) 
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chased from New England Nuclear). Flies were allowed to ingest the label 
for a period of 18-20 hours, after which time they were fasted again for 4 
hours and then placed on standard Drosophila media until removed for 
assaying. A total of five assays were made on the flies, the first taken 
after the flies were removed from the [^^C] label and then at four sequen­
tial 24 hour intervals thereafter. The assay procedure involved the 
homogenization of flies (45 mg. wet weight/ml) in 100 mM Tris-HCl buffer, 
pH 8.6. After centrifuging the sample (12,100xg) for twenty minutes at 
4°C, the supernatant was divided into 20 yl aliquots to which ADH 
antisera was added. These fractions were incubated overnight at 4°C. The 
next day goat anti-rabbit sera was added to the mixture and again 
incubated for 1 1/2 hrs at 4°C. The fractions were centrifuged for twenty 
minutes (27,000xg) and the.pellet washed twice by resuspension in 0.5 ml 
of 100 mM Tris-HCl buffer and again centrifuged. After washing, the 
pellet was suspended in scintillation fluid (Bray, 1960) and the tubes 
washed four additional times with the same to insure complete recovery of 
the pellet. Radioactivity present in these fractions was measured in a 
Packard model #3320 scintillation spectrometer. The natural log of cpm/mg 
was plotted against time and the best fit line determined by least-squares 
regression analysis (Snedecor and Cochran, 1974). The slope of this line 
is equal to kd, the rate of ADH degradation. Half-life (^2/2^ values were 
calculated according to Fritz and Pruitt (1977) using the equation, T^yg 
= In 2/kd. 
The rate of degradation for total protein was determined in an 
analogous manner. After submitting adult flies to the same protocol of 
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radioactive labeling and homogenization, protein was precipitated by the 
addition of cold 5% TCA. Protein was trapped on a millipore filter and 
radioactivity determined by placing the filter in 5 ml of toluene based 
scintillation fluid (16 g of omniflour per 3.8 liters of toluene) and 
monitoring the cpm [^^C] in the scintillation spectrometer. 
5) Determination of the rate of ADH synthesis The rate of 
ADH synthesis was determined in a manner analogous to the degradation rate 
determinations. Adult males 5-6 days post-eclosion were sorted into six 
samples of 20 flies each and fasted for four hours. At this time, flies 
were introduced into 2 1/2 x 10 cm shell vials, the bottoms of which had 
been lined with filter paper which was soaked with 0.25 ml of a 3% 
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sucrose-water solution plus 25 lil of a [ C] L-amino acid mixture. Flies 
were allowed to ingest the label for from 2 to 12 hours (2, 4, 6, 8, 10 
and 12 hrs). One sample of flies was assayed for [^^C] present in both 
ADH and total protein, by the techniques described in the previous sec­
tion, at each 2 hour interval. Incorporation of [^^C] label into ADH is 
linear for the 12 hour period and begins to level off at 24-48 hours, see 
Figure 11. Incorporation into total protein is linear for up to 24 hours 
after which time it begins to level off, see Figure 11. The best fit line 
when [^^C] cpm is plotted versus time was determined by least squares re­
gression analysis. The slope of the respective lines is equal to the rate 
of synthesis (k^) for either ADH or for total protein. 
6) Sodium dodecyl sulfate polyacrylamide gel electrophoresis 
Sodium dodecyl sulfate gel electrophoresis was performed according to 
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Figure 11. Rate of incorporation of into TCA precipitable protein (O) and ADH (•) in 
Drosophila melanogaster 
Time ( hrs) 
gel (Tris-HCl buffer, pH 6.8, containing 1% sodium dodecyl sulfate) and a 
10% acrylamide separating gel (Tris-HCl buffer, pH 8.8, containing 0.1% 
sodium dodecyl sulfate). Gels were used to separate the subunits of 
radioactively labeled antigens and immunoglobulins after immunoprecipita-
tion. The immunoprecipitates were resuspended in 0.125 ml sample buffer 
containing 1% sodium dodecyl sulfate, 1% 6-mercaptoethanol, 10% glycerol 
and bromophenol blue tracking dye. The proteins were dissolved after re-
suspension by boiling for 2.5 minutes. Samples were then applied and gels 
run at a current of 3 mA per tube. Electrophoresis was terminated when 
the tracking dye had migrated until approximately 1.5 cm from the end of 
the gel. Gels were then either stained with Coomassie Brilliant Blue in 
methanol-water-acetic acid (5:5:1, by volume) or frozen and sliced into 
1.5 mm slices for analysis of radioactive counts. Gels were destained in 
7% acetic acid and 40% methanol. Gel slices were prepared for counting by 
placing each slice in a counting vial to which was added 5 ml of a toluene 
base scintillation cocktail containing 3% Protosol (New England Nuclear) 
and 0.4% omnifluor (New England Nuclear). Vials were held overnight at 
37"C and counted the next day. 
All gels were calibrated with ovalbumin (45,000 daltons), pepsin 
(34,700 daltons), trypsinogen (24,000 daltons) and 6-lactoglobulin 
(18,400 daltons) as standards. 
c. Results This section will be divided into two parts, the 
first dealing with the determination of the rate of ADH degradation and 
the second section dealing with the determination of the rate of ADH 
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synthesis. The implications of both will be considered simultaneously in 
the discussion section. 
1) Determination of the rate of degradation for ADH and total 
protein In Drosophlla melanogaster In order to ensure that the tech­
nique used to determine k^, or the rate of degradation. Is a reliable one, 
a number of criteria must be satisfied. These Include (1) sufficient and 
uniform quantities of labeled precursors are being Incorporated by the 
organisms, (2) the method of isolation of the desired protein Is suffi­
ciently specific, (3) minimization of recycling of labeled precursors, and 
(4) the existence of a linear relationship for the loss of label over 
time. 
a) Incorporation of [^^C] L-amlno acids In order to 
determine an accurate estimate, of k^, it is necessary not only that suffi­
cient levels of [^^C] label are Incorporated into both ADH and total pro­
tein but also that there exists limited variation in the level of [^^C] 
label incorporated between samples. Limited variation between samples is 
of utmost importance since different aliquots of flies will be assayed 
over time to arrive at an estimate of k,. In order to determine the ex-
a 
tent of variation in incorporation, a series of experiments was performed 
in which flies were allowed to Ingest the [^^C] label for a period of 18-
20 hours; at this time the flies were divided into four separate samples 
to be assayed for [^^C] cpm in both TCA precipitable protein and immuno­
logically precipitated ADH (see materials and methods for details). Each 
of the four samples was then divided into four aliquots which were 
assayed. The design of the experiment was such that a nested ANOVA could 
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be performed on the data to determine if significant variation exists be­
tween the four samples. The results of such an experiment for strain F-2 
are given in Tables 10 and 11 with the results of the nested ANOVA pre­
sented in Table 12. Studies such as this indicated that there is no sig­
nificant variation in the levels of incorporation of [^^C] L-amino acids 
between samples and, therefore, the technique of allowing the flies to in­
gest the label provides the necessary uniformity of labeling required for 
the determination of k,. d 
Examination of Figure 11 also demonstrates that the period of label­
ing used, 18-20 hours, provides the maximum or approaches the maximum of 
labeling for both TCA precipitable protein as well as ADH. Therefore, the 
ingestion and incorporation of [^^C] label reaches sufficient levels and 
desired uniformity necessary for the determination of values. 
b) Immunopreclpitation techniques An example of an 
immunotitrâtion curve, which was used to determine the quantity of anti-
ADH sera and goat anti-rabbit sera (second precipitating agent) that 
allows for the precipitation of all ADH activity, is given in Figure 10. 
These values will, of course, vary depending on the titer of the antisera 
used as well as the concentration of antigen to be precipitated. It 
should be noted as well that Drosophila melanogaster ADH retains its en­
zymatic activity when complexed with the antisera, i.e., the ability to 
stain specifically for ADH is retained after the antibody-antigen complex 
is formed, thus ensuring that the loss of activity in the supernatant is 
indeed due to the removal of alcohol dehydrogenase and not merely its 
inactivation. 
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Table 10. Analysis of [^^C] cpm in TCA precipitable protein for strain 
F-2 






















Even though the immunotitration experiments determined that the 
antisera were of sufficient titer to remove all alcohol dehydrogenase from 
the supernatants to be analyzed, two further experiments were performed to 
determine the specificity of the antisera. The first involved the deter­
mination of other enzyme activities before and after the precipitation of 
ADH from the supernatant. The results of such an experiment for Strain 
F-2 are presented in Table 13. These results indicate that the anti-ADH 
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Table 11. Analysis of [^^C] present in ADH for strain F-2 
Sample Aliquot [^^C] cpm in ADH ppt. 
1 a 2048.0 




















sera precipitates all ADH activity but does not precipitate the other 
enzymes mentioned. 
A second experiment was performed in order to insure that the isola­
tion by immunoprecipitation is specific for alcohol dehydrogenase. In 
this case, innnunoprecipitates of [^^C] labeled extracts were subjected to 
SDS gel electrophoresis in order to separate radioactively labeled anti­
gens from immunoglobulins. When such gels were sliced and the slices 
monitored for the presence of [^^C], it was found that 80-90% of the [^^C] 
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Table 12. Results of nested ANOVA for t^^C] present in TCA precipitable 
protein and ADH for strain F-2 
Source of variation df SS MS F 
TCA precipitable protein 
Among samples 3 12,635,887. 0 4,211,962. 3 
Within aliquots 
ADH immunoprecipitation 
12 16,593,334. 0 1,382,777. 8 3.04 
(N.S.) 
Among samples 3 954,320. 0 318,106. 7 
Within aliquots 12 3,935,669. 1 245,979. 3 1.29 
(N.S.) 
Table 13. Enzyme activities plus standard errors for Drosophlla melano-
gaster extracts before and after the addition of anti-ADH sera 
Enzyme Pre-antisera activity Post-antisera activity 
ADH 27.5+0.5 0.0±0.0 
a-GPDH 13.0±1.0 15.0±1.0 
MDH 69.5±2.5 72.0+2.0 
counts were associated with that part of the gel to which the ADH mono-
meric units should have migrated (20,000-25,000 daltons), see Figure 12. 
The minor fractions in Figure 12a may represent (1) ADH which has not 
completely separated from whole or partially dissociated antigen-antibody 
complexes or (2) non-ADH Drosophila protein which has been co-precipitated 
with ADH. Although the results presented in Figure 12a indicate that the 
magnitude of the potential contamination is very slight, two additional 
Figure 12. Recovery of [ C] cpm from immune precipitates after SDS 
gel electrophoresis. Values represent cpm-background for 
the fractions of the gel extending from the end of the 5% 
stacking gel to the bromophenol blue front. The three 
charts represent (a) Adhf crude extracts precipitated with 
anti-ADH sera, (b) Adh&nG pr cn crude extracts precipi­
tated with anti-ADH sera, and (c) Adh^ crude extracts 
precipitated with rabbit preimmune sera. The only case 
in which appreciable radioactivity was recovered was in 
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control experiments were carried out in order to help separate the above 
alternatives. The immunoprecipitation technique was applied to ADH CRM 
flies (Adh^^^ pr cn) which lack ADH but are presumably wild type for all 
other proteins. If the minor [^^C] fractions in our test (ADH CRM^ flies) 
precipitate are in fact due to nonspecific crossr.eactivity, these same 
fractions should show up in the ADH CRM precipitate as well. The results 
presented in Figure 12b, however, show that this is not the case and thus 
strongly suggests that the minor contaminating fractions are, in fact, ADH 
related. A further control was carried out with pre-immune rabbit sera to 
eliminate the possibility that rabbit sera per ^ are capable of precipi­
tating Drosophila proteins. The results presented in Figure 12c falsify 
this hypothesis. In general, therefore, the technique of immunoprecipita­
tion that is employed provides both a rapid and a sufficiently specific 
precipitation of alcohol dehydrogenase from the total Drosophila melano-
gaster protein pool. 
c) Minimization of recycling The problem of the re-
utilization of labeled precursors is one that must be successfully dealt 
with before reliable estimates of degradation rates can be determined. 
In previous work, either a chase of unlabeled amino acids or high protein 
diets has been given in attempts to chase out label from the free amino 
acid pool. Fasting the flies before introducing them to the [^^C] label 
or to the cold chase of standard Drosophila food appears to insure not 
only the rapid uptake of label but also the ingestion of cold food. This 
increase in the ingestion of cold food should, therefore, help minimize 
the effects of recycling. In order to help verify that standard Droso-
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Table 14. Results of ADH degradation studies for strain F-2 using various 
chases 
Chase "^1/2 (^rs) 
Standard Drosophila media 0.010 69.3 
Standard Drosophila media + 10% 
hydrolyzed casein 0.011 62.6 
Standard Drosophila media + 20% 
hydrolyzed casein 0.010 69.3 
phila food provides an adequate cold chase to minimize the reutilization 
of labeled precursors, a set of experiments, similar to those already de­
scribed, were performed in which Drosophila food was enriched by the addi­
tion of hydrolyzed casein at concentrations of 10% and 20%. The effects 
of amino acid enrichment on the determination of are presented in Table 
15. Amino acid enrichment of Drosophila food was found to have no sig­
nificant effect on the determination of k^ for ADH and, therefore, under 
these conditions, standard Drosophila media in all likelihood provides an 
adequate chase. 
d) Determination of kd estimates for ADH and total Droso­
phila protein î«)hen In cpm [^^C] was plotted against time, a good linear 
relationship existed (r ^  0.7), see Figure 13. values were determined 
for both total protein and ADH by the slope of the best fit line deter­
mined by least squares regression analysis. Half-life values, or time to 
lose 50% of the [^^C] label were determined by use of the equation ~ 
In 2/k^. The results of k^ and T^yg determinations are presented in Table 
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Figure 13. Linearity of the loss of [^^C] cpm versus time for strains F-2 (a) and S-2 (b) 
Table 15. Determinations of degradation rates for total protein and ADH In Drosophlla melanogaster 
Strain Experiment kj protein ^1/2 protein k, ADH d ADH 
S-1 1 0.003 231.0 0.010 69.3 
2 0.003 231.0 0.006 115.5 
3 0.002 346.5 0.005 138.6 
X 0.002710.0003 269.5±38.5 0.00710.0015 107.8120.4 
S-2 1 0.009 77.0 0.013 53.3 
2 0.001 693.0 0.013 53.3 
3 0.002 346.5 0.005 138.6 
X 0,004±0.0025 372.21178.5 0.010310.0027 81.7+28.5 
F-1 1 0.005 138.6 0.009 77.0 
2 0.004 173.3 0.011 63.0 
3 0.001 693.0 0,009 77.0 
X 0.0033+0.0012 335.01179.5 0.009710.0007 72.314.7 
F-2 1 0.001 693.0 0.013 53.3 
2 0.002 346.5 0.010 69.3 
3 0.004 173.3 0.016 43.3 
X 0.0023+0.0009 404.31153.0 0.01310.0017 55.317.6 
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cantly different for the four strains examined as determined by a one way 
3 
analysis of variance (Fg = 0.252) and are in good agreement with previous­
ly published data (Smith et al., 1970; Bozcuk, 1976). Alcohol dehydro­
genase, on the other hand, appears to be less stable than the average pro­
tein, i.e., higher rate of degradation. Analysis of the values for ADH 
for the four strains by a one way analysis of variance demonstrates that 
3 the mean values are insignificantly different (Fg = 1.885) as well. 
This sheds considerable doubt on the hypothesis that CRM level differences 
F S 
observed between Adh and Adh strains can be accounted for by differences 
in iji vivo stability via rates of ADH breakdown. 
e) Comparison of in vivo stability of ADH with temperature 
stability and in vitro stability Previous workers have reported that 
there often exists a good correlation between the property of vivo 
stability and other measurements, such as thermostability, in vitro sta­
bility and stability to proteases for such systems as rat liver proteins 
(Bond, 1975). Table 16 presents such a comparison for Drosophila ADH for 
the parameters of ^  vivo stability (T^yg iS. vivo), in vitro stability 
(T^yg Is. vitro) and thermostability (T^yg^g)• Although the best correla­
tion (r = 0.61) exists between ^  vivo and iji vitro stability estimates, 
in no case is the correlation highly significant. 
2) Determination of the rate of ADH synthesis (kg) In order 
to measure the rate of synthesis of a protein, the incorporation of 
labeled precursor must be monitored over a short enough period of time 
such that the level of incorporation can be attributable almost exclusive­
ly to the novo synthesis of new protein rather than to the combined 
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Table 16. Comparisons of the properties of thermostability (T1/2 ts)» AH 
vitro stability (T1/2 15 vitro) and vivo stability (T1/2 
in vivo) for Drosophila melanogaster 
Strain ^1/2 ts (mln-) T^yn in vitro (hrs) T^y^ in vivo (hrs) 
S-1 14.4 32.0 107.8 
S-2 10.1 23.1 81.7 
F-1 39.8 27.6 72.3 
F-2 14.1 26.2 55.3 
effects of both synthesis and degradation. The period of time chosen to 
monitor the incorporation of [ labeled amino acids into ADH and total 
protein was from 0 to 12 hours , since the rate of incorporation is linear 
for both over this period (see Figure 11), and it is short enough to dis­
allow any effects of degradation on the rate of incorporation. Under 
these conditions, there exists a good linear relationship when [^^C] cpm 
is plotted versus time (r ^  0.80). The best estimate of was determined 
by the slope of the best fit line using least squares regression analysis. 
The estimates of for ADH and total protein for four Drosophila melano-
gaster strains (S-1, S-2, F-1 and F-2) are presented in Table 17. In this 
case, unlike the estimates of k^, there does exist a significant differ­
ence between strains for the rate of ADH synthesis as determined by a one 
3 F 
way analysis of variance (F^= 12.25, p < 0.02) with the two Adh strains 
O 
displaying a 1.9-2.8x higher rate than the Adh strains. The rate of 
synthesis for total protein, however, is not significant which is also 
consistent with the previously estimated rates of protein degradation. 
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Table 17. Synthesis rate determinations for total protein and ADH in 
Drosophila melanogaster 
Strain Sample kg protein k ADH 
s 
S-1 1 0.67 0.10 
2 0.32 0.05 
X 0.55+0.12 0.075±0.03 
S-2 1 0.35 0.05 
2 0.44 0.06 
X 0.40+0.05 0.055±0.01 
F-1 1 0.67 0.15 
2 0.55 0.16 
X 0.61+0.06 0.155+0.01 
F-2 1 0.49 0.13 
2 0.40 0.15 
X 0.45±0.05 0.140+0.01 
These observations are, therefore, consistent with the hypothesis that the 
CRM level differences observed between Adh genotype are at least partially 
if not totally controlled by differential rates of ADH synthesis. 
d. Discussion In all organisms examined, it has been found that 
proteins are continuously turning over via the processes of synthesis and 
degradation. Although the proteins within animal and bacterial cells are 
continuously turning over, they may vary widely in their rates of turnover 
(Goldberg and Dice, 1974). The role that protein turnover plays in estab­
lishing steady state levels has been demonstrated for a number of proteins 
in rat, rabbit and mouse tissue (reviewed by Fritz and Pruitt, 1977) as well 
as for the catalase enzyme in maize (Scandalias et al., 1980) and Drosophila 
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(Lubinsky and Bewley, 1979). In addition, these rates may be affected in 
a number of ways, such as, by the action of hormones, the nutritional 
state of the organism, the presence or absence of specific substrates and/ 
or the existence of different conformational, isozymic or allozymic 
states. 
One level at which the concentration of a specific protein can be 
modulated is through the process of protein degradation. Although all 
proteins examined thus far are susceptible to the process of degradation, 
they may vary widely as to their rate of degradation. However, even 
though protein degradation is a well established fact, little is known of 
the actual mechanisms involved- At best, there exist correlations be­
tween the rate of breakdown and a variety of physical properties of the 
protein. Positive correlations exist between degradation rate and subunit 
molecular weight, isoelectric point and genetic or induced conformational 
differences between various proteins. Although the causal mechanisms be­
hind these relationships are not known, it is generally believed that they 
reflect an inherent sensitivity of the protein to the cell's proteolytic 
machinery (Dice and Goldberg, 1975). It is a viable hypothesis then that 
changes which affect the conformation of a protein, such as is the case 
for allozymic or electrophoretic variants may thereby affect the rate 
of degradation of these proteins. When applied to the naturally occurring 
F S 
variants at the Adh locus in Drosophila melanogaster (Adh and Adh ), 
which differ in electrophoretic mobility due to the presence of a single 
amino acid substitution, this does not appear to be the case. The amino 
acid substitution, which does affect electrophoretic mobility, does not 
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appear to have a statistically significant effect on the rate of ADH 
degradation. Therefore, although the precedence does exist, the ADH-F and 
ADH-S proteins do not differ in the rate at which they are broken down as 
measured by'the technique presented in this dissertation. 
In contrast to the mechanism of protein degradation, a great deal is 
known about the processes involved in protein synthesis (reviewed by Ochoa 
and deHaro, 1979). Just as the levels of a particular protein may be 
produced or altered via differences in the rate of protein degradation, so 
may they also be affected by differences in the rate of protein synthesis. 
From the results presented in this study this does in fact appear to be 
the case, at least in part, for the alcohol dehydrogenase system in 
Drosophila melanogaster. Differences in levels of ADH crossreacting mate­
rial that exist between the homozygous genotypes at the Adh locus are such 
F that Adh genotypes possess at least two times more ADH per organism than 
g 
Adh genotypes. These differences can be explained, at least in part, due 
to the observed differences in the steady state rates of ADH synthesis. 
F Through the use of the technique described here Adh genotypes have an ADH 
S 
synthesis rate 1.9-2.8 times greater than Adh genotypes. Although the 
CRM level differences observed between strains are probably not explained 
totally by the ADH synthesis rates reported here, it is obvious that the 
majority of the differences may be explained in this manner. It is not 
known at this time, however, if these slight discrepancies are inherent to 
the techniques used or if other mechanisms are involved. 
The results presented here, however, are in good agreement with 
previously published work in which structural or regulatory gene altera­
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tions appear to control enzyme levels by influencing the rate of synthe­
sis. These studies include work with structural gene variants of 
glucose-6-phosphate dehydrogenase (Yoshida, 1970) and hemoglobin (Miyaji 
et al., 1968) in humans and cis-acting regulatory gene variants for 6-
glucuronidase (Ganschow, 1975), g-galactosidase (Berger et al., 1978; 
Berger and Paigen, 1979) and mitochondrial malic enzyme (Bemstine and Koh, 
1980) in mice and catalase (Scandalios et al., 1980) in maize. In many of 
the cases in which increased levels of enzyme via increased rates of 
synthesis have been attributed to cis-acting regulatory elements, genetic 
analysis has failed to separate the regulatory locus from the structural 
locus it controls, thereby not precluding the possibility that these se­
quences are in fact part of the structural locus, i.e., transcribed but 
nontranslated sequences. 
The mechanism(s) responsible for observed differences in synthesis 
rates, for the above mentioned enzymes systems, are at this time unknown. 
In fact, the rate of synthesis of a particular protein may be controlled 
on many levels including the rate of gene transcription, processing of the 
primary transcript, transport of the mature mRNA to the cytoplasm, sta­
bility of the mature mRNA, availability of the translational machinery 
and/or rates of translation (initiation, elongation and termination). The 
elucidation of the specific mechanism(s) involved, for these proteins as 
well as ADH, will possibly be achieved in the near future due to the rapid 
advances in recombinant DNA technology and gene cloning. In fact, at this 
time, information regarding the structure of the Adh locus is already 
being reported. The existence of intervening sequences within the Adh 
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gene (Goldberg, 1980) and the sequence of the ADH coding regions (Benyajati 
et al., 1980) have already been described. Therefore, in the not too 
distant future, we should be made aware of the differences and/or simi­
larities that exist between the structural gene sequences of the naturally 
occurring genetic variants at the Adh locus, just as now we are aware of 
the amino acid substitutions that are responsible for the variation that 
exists between the protein products. Information such as this will be of 
great value in the determination of the regulation of Adh gene expression. 
4. Study III—The action of trans-acting regulatory genes on Adh expres­
sion 
a. Introduction The existence of regulatory genes in eukaryotes 
has been best demonstrated through studies involving three specific 
eukaryotic organisms, mice, maize and Drosophila (reviewed by Paigen, 
1979). Most regulatory genes that have been well-defined map next to or 
near the structural locus they modulate and are commonly referred to as 
cis-acting regulatory elements. Others, less commonly reported to date, 
are those that map far away from the structural locus they control and 
that may in fact exist on a different chromosome. These are known as 
trans-acting regulatory elements. Both types of regulatory elements can 
in fact exert either of two general effects: (1) produce a change in the 
activity or CRM levels of the gene product under their control either at 
a specific developmental stage or overall developmental stages or (2) 
effect the tissue specific expression of the structural gene under their 
influence by the turning on or turning off of the structural locus in 
specific tissues within the organism. 
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In Drosophila melanogaster, the alcohol dehydrogenase system is one 
of the best characterized with regards to the existence of regulatory 
genes. Both cis-acting and trans-acting regulatory elements have been 
reported for the Adh system. In Drosophila melanogaster, cis-acting 
regulatory elements that map within 0.01 centimorgans of the Adh struc-
ural gene have been reported (Thompson et al., 1977; Maroni, 1978). These 
regulatory elements have an effect by causing increases in ADH activity 
levels on an organismal level. As well, trans-acting regulatory elements 
have been localized to the X chromosome (Ward, 1975) and the third chromo­
some (McDonald and Ayala, 1978; Barnes and Birley, 1978; Laurie-Ahlberg 
et al., 1980). These elements also produce an effect on organismal levels 
of ADH activity. Changes on the organismal level do not, however, pre­
clude the possibility that the regulatory elements described in these 
studies may in fact be producing a tissue specific change in Adh gene 
expression. Recent work with Hawaiian Drosophila species has, in fact, 
demonstrated the existence of both cis and trans-acting regulatory ele­
ments that do affect the tissue specific expression of ADH in these organ­
isms (Dickinson and Carson, 1979; Dickinson, 1980). Even though this 
possibility does, therefore, exist, the experiments performed in this 
study are directed at a further characterization of the organismal level 
effects of trans-acting regulatory elements localized to the third 
chromosome of Drosophila melanogaster. 
The properties to be examined include ADH activity levels, ADH CRM 
levels and isozyme distribution in adults. By examining these properties, 
it can be determined whether the previously reported ADH activity level 
88 
changes are due to changes in the number of ADH molecules produced or by 
the post-translational modification of existing ADH molecules, thereby 
affecting parameters such as the specific activity of the ADH molecules. 
As well, ADH activity levels and ADH CRM levels will be monitoried over 
three distinct developmental stages (adult, pupal and larval) to determine 
if the third chromosome regulatory elements function throughout develop­
ment or just at a specific developmental stage. 
b. Materials and methods 
1) The animals Seven strains of Drosophila melanogaster made 
genetically homozygous for their first, second and third chromosomes 
(McDonald and Ayala, 1978) were used in this study. Six of the strains 
carried alleles coding for an Adh^ electrophoretic variant while one 
S F 
strain was homozygous for an Adh allele. Four of the six Adh strains 
were identical for chromosomes I and II but carried independently derived 
third chromosomes. 
2) Biochemical techniques Adult Drosophila melanogaster, 
aged to be between 5-10 days post-eclosion, were sorted according to sex. 
Aliquots of males and females, 25.0±0.5 mg, were homogenized in 7.0 ml of 
Tris-HCl, pH 8.6. Homogenates were centrifuged at 12,100xg for twenty 
minutes. Crude extracts prepared in this manner were used for enzyme 
activity, electrophoretic, and immunological studies. 
ADH activity was monitored in a Beckman Acta II spectrophotometer 
according to the assay conditions described in section Al. ADH activity 
levels are expressed as AOD/mg. wet weight at 340 nm or as relative to 
strain F5-F5. 
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Polyacrylamide gel electrophoresis, in 7% gels, was performed accord­
ing to the procedures described in Smith (1968). Gels were run at 3 mA 
per tube for approximately 5 hours, stained specifically for ADH (Ayala 
et al., 1972) until end point staining had been achieved (>6 hrs) and 
scanned at 650 nm in a Gilford model 2400 spectrophotometer. The per­
centage of enzyme in any one isozymic form was determined by the cutting 
out and weighing of the respective peaks produced by the gel scan. 
Antibody to purified ADH was prepared according to McDonald et al. 
(1977). The antisera's crossreactivity with both ADH-F and ADH-S protein 
was determined according to Ouchterlony (1953). Estimates of ADH CRM 
levels were measured immunologically by radial immunodiffusion (Mancini 
et al., 1965) and expressed as either precipitin diameter or as relative 
to strain F5-F5.. 
c. Results 
1) Effect of trans-acting regulatory elements on ADH activity 
Results of ADH activity determinations are presented in Table 18. ADH 
activity is presented as change in absorbance at 340 nm per mg wet weight 
and as relative ADH activity when compared to strain F5-F5. Those strains 
which possess the F-5 second chromosome and third chromosomes derived from 
other lines (F5-F1, F5-F2, F5-S2) all exhibit an increase in ADH activity 
relative to strain F5-F5. The activity levels are also over and above 
those of the lines from which the respective third chromosomes were de­
rived, Fl-Fl, F2-F2, S2-S2. These results indicate that third chromosome 
substitutions and, therefore, third chromosome regulatory elements are 
capable of affecting ADH activity. In addition, due to the magnitude of 
90 
Table 18. Effect of third chromosome substitutions on ADH activity levels 
in Drosophlla melanogaster 
Genotype 
Chr. Il-Chr. Ill Sex 
ADH activity/ 
mg wet weight 
Relative 
ADH activity 
F5-F5 male 12.78±0.36 1.00 
F5-F1 male 14.48±0.32*A 1.13 
F5-S2 male 14.45±0.30** 1.13 
F5-F2 male 13.80±0.48** 1.08 
Fl-Fl male 13.58±0.29 1.06 
S2-S2 male 4.21+0.12** 0.33 
F2-F2. male 12.40±0.27 0.97 
F5-F5 female 10.63±0.50 1.00 
F5-F1 female 12.99±0.24** 1.22 
F5-S2 female 10.98±0.30 1.03 
F5-F2 female 11.98±0.27** 1.13 
Fl-Fl female 10.85±0.20 1.02 
S2-S2 female 3.36±0.11** 0.32 
F2-F2 female 9.71+0.19 0.91 
**Student's t-test p < 0.01. 
the various responses, there appears to be an interactive effect between 
the second chromosome, which harbors the Adh structural gene, and the 
presumed third chromosome regulatory elements. 
2) Effect of trans-acting regulatory elements on ADH CRM levels 
Results presented in Table 19 for ADH CRM levels are in general agreement 
with the previously mentioned ADH activity data. The third chromosomes, 
F-1, F-2 and S-2, all cause an increase in ADH CRM levels when in con­
junction with the F-5 second chromosome. The only exception to the rule 
is F5-S2 females which have decreased CRM levels compared to strain F5-F5 
females. The reason for this is not clear other than that spurious re­
sults have often been published for ADH activity levels in females and 
this has generally been attributed to the fact that females carry large 
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Table 19. Effect of third chromosome substitution on levels of ADH cross-
reacting material in Drosophila melanogaster 
Genotype 
Chr. Il-Chr. Ill Sex RID diameter Relative ADH CRM 
F5-F5 male 14.36+0.20 1.00 
F5-F1 male 15.47±0.34A* 1.38 
F5-S2 male 15.3110.25** 1.32 
F5-F2 male 15.06±0.04** 1.23 
Fl-Fl male 14.2210.21 0.96 
S2-S2 male 10.64+0.11** 0.34 
F2-F2 male 13.7310.28 0.85 
F5-F5 female 13.6510.09 1.00 
F5-F1 female 14.5410.21** 1.31 
F5-S2 female 12.9810.14** 0.81 
F5-F2 female 13.9210.14 1.09 
Fl-Fl female 12.5410.19** 0.73 
S2-S2 female 9.3110.37** 0.27 
F2-F2 female 11.92+0.24** 0.61 
**Student's t-test p < 0.01. 
quantities of eggs which may make up a large portion of the female's body 
mass without contributing much to the total levels of ADH. 
The results presented here are in general agreement with those previ­
ously discussed in that the majority of the differences in ADH activity 
and ADH CRM levels are associated with the structural locus or other loci 
that map near to the structural locus. Third chromosome, trans-acting 
regulatory elements are capable of creating 10-40% differences in the 
levels of ADH activity or ADH CRM. The magnitude of these effects are 
in good agreement with previously published work for Drosophila melano-
gaster ADH (Barnes and Birley, 1978; McDonald and Ayala, 1978) as well as 
for other well characterized trans-acting regulatory elements in 
eukaryotes (Paigen, 1979). 
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3) Effect of trans-acting regulatory elements on isozyme distri­
bution Since post-translational modifications of the ADH protein by 
the addition of an NAD-carbonyl complex are capable of affecting enzymatic 
properties such as specific activity (Jacobson et al., 1972) and stability 
(Jacobson, 1968; discussed in section C2 of this thesis), it is a viable 
hypothesis that the third chromosome regulatory elements described here 
may have their action at this level by affecting the rate or quantity of 
the modification event. This hypothesis can be tested, therefore, by the 
examination and quantification of the isozyme distribution produced in the 
various strains as a guage of the post-translational event. Table 20 
presents the isozyme distributions of the seven strains examined, all were 
compared to strain F5-F5 in order to detect any significant differences. 
In this case, none of the substituted strains (F5-F1, F5-F2 or F5-S2) 
differed significantly from strain F5-F5. The other homozygous strains, 
however, displayed a moderately significant difference with regards to the 
amount of enzyme found in the ADH-3 and ADH-1 forms. Therefore, the third 
chromosome substitutions, which affect ADH activity and ADH CRM levels, 
are apparently not acting at a post-translation level via the binding of 
NAD-carbonyl moieties. However, these results are not inconsistent with 
the idea that genetic variation at the Adh structural locus, or at other 
as yet unspecified second chromosome genes, may affect the binding of NAD-
carbonyl moieties and thus the rates of post-translational modification. 
4) Effect of trans-acting regulatory elements during development 
The effect of the third chromosome substitutions may be such that they 
display their control at either one developmental stage or throughout 
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Table 20. Effect of third chromosome substitutions on isozyme distribu­
tion in Drosophila melanogaster 
Genotype 
Chr. Il-Chr. Ill % ADH-5 % ADH-3 % ADH-1 
F5-F5 52.2±1.5 39.6+0.9 7.6i0.9 
F5-F1 51.4±0.4 42.0±0.5 6.6i0.7 
F5-S2 55.0+2.0 39.0±1.3 5.6il.5 
F5-F2 52.4±0.8 42.4±0.8 8.5il.5 
Fl-Fl 59.0+5.0 32.5±3.5* 8.5il.5 
S2-S2 56.8±0.1 32.Oil.1* lO.OiO.3* 
F2-F2 54.5±1.5 35.Oil.0* 10.5i0.5* 
^Student's t-test p < 0.05. 
development. In order to test this hypothesis, ADH activity and CRM 
levels were monitored for three distinct developmental stages, the adult, 
pupal and larval stages, with the results being presented in Figures 14 
and 15. It is generally true that the regulatory elements ascribed to the 
third chromosomes cause an increase in ADH activity and CRM levels not 
only at the adult stage but consistently throughout all developmental 
stages. However, although there is a general increase in these parameters 
throughout development, the magnitude of the effect may differ between de­
velopmental stages, i.e., strain F5-S2, 
d. Discussion One of the most interesting discoveries in recent 
years with regard to the regulation of eukaryotic gene expression has been 
the identification of trans-acting regulatory elements (reviewed by 
Paigen, 1979). These discoveries are consistent with previous models of 
eukaryotic gene regulation (Britten and Davidson, 1969; Davidson and Brit­
ten, 1979), which propose the existence of hierarchical level controls, by 














Figure 14. Affect of third chromosome substitutions on ADH activity 
during development for strain F5-F5 (•), F5-32 (o), F5-F1 (o) 








larva pupa adult 
Life Stage 
Figure 15. Affect of third chromosome substitutions on levels of ADH 
crossreacting material during development for strains F5-F5 
(•), F5-S2 (O), F5-F1 (O) and F5-F2 (A) 
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tory genes. Although loci that modify gene expression have been reported, 
in general the nature of their action(s) remains uncertain. 
Trans-acting regulatory elements have been described for at least 6 
gene-enzyme systems in Drosophila melanogaster. In the majority of cases, 
however, the description of their mode of action has been limited to the 
fact that by some mechanism, they affect the overall activity of the gene-
enzyme system being studied on an organismal level. The results pre­
sented in these studies have not separated the possibilities that the 
changes in activity levels are due to either changes in the amount of gene 
product produced, i.e., transcriptional or translational level controls, 
or by alterations in the specific activities of the products, i.e., post-
translational mechanisms. The goal of this study was to separate these 
possibilities by a further characterization of the action(s) of third 
chromosome regulatory elements for Drosophila melanogaster alcohol de­
hydrogenase . 
The third chromosome substitutions studied here have been shown to 
affect ADH activity levels in a significant manner, causing a 10-20% in­
crease in ADH activity levels. Moreover, ADH activity level increases can 
be generally attributed to a concomitant increase in ADH CRM levels, which 
were increased by 10-40% in strains containing third chromosome substitu­
tions. These differences are minor when compared to the approximately 
200% differences in activity and/or CRM levels, which are attributable to 
the ADH structural locus (or to loci mapping very near to the structural 
locus), and are reflective of differences in the turnover (synthesis vs. 
degradation) of the ADH protein. 
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The possibility that third chromosome regulatory elements affect the 
rate or degree of post-translational modification of the ADH protein, vis 
a vis the isozyme distribution, was also examined. The precedent for 
post-translational modification as a means of regulating enzyme activity 
was provided by work with the xanthine dehydrogenase gene-enzyme system in 
Drosophila melanogaster (Finnerty and Johnson, 1979). In this system, the 
post-translation modification event, initiated by trans-acting regulatory 
elements, affects both the conformation as well as the enzymatic activity 
of the xanthine dehydrogenase molecule. However, the results presented 
here do not support the existence of an analogous mechanism for the third 
chromosome regulatory elements in the Adh system. Isozyme distributions 
are not affected by third chromosome regulatory genes but rather the minor 
differences discovered are again attributable to either the structural 
locus or other loci tightly linked to the structural locus. 
The results presented here are consistent with previous examinations 
of ADH activity levels throughout development and at a single develop­
mental stage (i.e., adult). In all three cases, differences observed in 
ADH activity levels can be directly attributed to a concomitant difference 
in ADH CRM levels. Since levels of ADH in adults have been attributed to 
differences in the rate of ADH turnover, it is a viable hypothesis that 
levels of ADH produced during development and by the action of Adh regula­
tory elements can also be attributed to changes in such rates. However, 
further work will be needed to separate this from alternative hypotheses 
which could include effects on the rate of transcription or processing of 
the mature transcript, etc. 
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C. Organismal Studies Related to the Adh Locus 
1. Rationale of the approach 
In the study of biochemical adaptation, it is imperative that the re­
searcher relate the biochemical properties studied to an organismal level 
response. The biochemical diversity of the gene products ^  vicro must 
translate into relevant ^  vivo physiological properties and ultimately 
the demonstration of fitness relationships between the various genotypes. 
The establishment of physiological relevance is often difficult to 
accomplish since it is hard to equate ^  vitro properties to ^  vivo 
physiological conditions. Instead, it is often assumed that in vitro 
situations are indicative of those ^  vivo, thereby satisfying the neces­
sary criterion of physiological significance. The direct demonstration is 
easiest with gene products or enzymes that metabolize external substrates 
since one can monitor the various genotypes for their ability to utilize 
or tolerate such substrates. Even though work with enzymes that are in­
volved in intermediary metabolism is more difficult in principle, the task 
is not impossible. For example, the researcher may monitor the flux of a 
particular substrate through a metabolic pathway via the use of radio-
actively labeled substrate in an effort to detect vivo disparities in 
the rates of metabolism. However, even though possible, the direct veri­
fication of physiological or functional significance will always be hamp­
ered by the ability to translate ^  vitro findings into vivo observa­
tions, since often the case will be that slight ^  vitro disparities will 
translate into even slighter in vivo differences. 
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The ultimate substantiation of biochemical adaptation involves the 
establishment that natural selection is at work, in some form, to affect 
the existence or distribution of the alleles at a genetic locus. In order 
to achieve this, it is necessary to show that observed biochemical in­
equalities will ultimately produce fitness differences between the various 
genotypes at that locus. The fitness of a genotype by definition is the 
average number of offspring produced by an individual of that genotype. 
In principle, the measurement of fitness will provide for the"quantifica­
tion of the process of natural selection. However, the measurement of 
fitness in nature is absurdly difficult if not impossible to achieve. 
There are two alternative methods the researcher can use to circumvent these 
difficulties. One alternative is the establishment of fitness relation­
ships under laboratory conditions. Even though this creates the disadvan-_ 
tage of removing the organism from its natural habitat, it is advantageous 
to the experimenter since it increases the sensitivity of his analysis by 
allowing the design and manipulation of experimental conditions, thereby 
increasing the possibility of detecting fitness differences. The classi­
cal example of this technique is the population cage studies on Droso-
phila. Under these conditions, a change in gene frequencies over a number 
of generations in the cage population is indicative of selective forces 
and thereby differential fitness of the various genotypes. Even though 
difficulties exist in the interpretation of data collected under these 
conditions, i.e., is selection acting at the locus of concern or other 
closely linked loci, in general the technique can be used to demonstrate 
the net fitness of various genotypes under the set of experimental condi­
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tions used. The other alternative is to measure one or more components of 
fitness either in nature or under laboratory conditions. Net fitness is 
determined by the combined effects of the components of fitness: viabili­
ty, fertility, fecundity, mating success, etc. Although there need not be 
a direct correlation between any component of fitness and total fitness, 
other than they represent a part of the whole, demonstration of any selec­
tion at all can be interpreted to translate into probable fitness differ­
ences . 
2. Study I—adult survivorship—mortality in response to environmental 
alcohol 
a. Introduction As mentioned previously, the Adh gene-enzyme 
system in Drosophila has been extensively studied on many levels, i.e., 
gene regulation, developmental genetics and population or evolutionary 
genetics. But perhaps the most effort has been put forth by those re­
searchers interested in population or evolutionary genetics. In princi­
ple, the Adh gene-enzyme system appears ideal for the examination of the 
processes involved in evolution; i.e., selection vs. neutrality. Because 
there are two major electrophoretic variants segregating at intermediate 
frequencies in natural populations and since the gene product is directly 
involved in the metabolism of alcohol, a known constituent of Drosophila 
niches, the selectionist school has directed considerable effort to the 
determination of the balancing mechanismCs) responsible for the mainte­
nance of this polymorphism. 
Demonstration of selection at the Adh locus has been successful in 
many laboratories using both population cage and life stage viability 
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studies. The finding of these studies has been the positive correlation 
that exists between ADH activity and the organism's ability to survive on 
alcohol supplemented food. This correlation, however, has still not pro­
vided a satisfactory explanation of the balanced polymorphism. 
Population cage studies have been many (Gibson, 1970; Bijilsma-Meeles 
and van Delden, 1974; van Delden et al., 1975; van Delden et al., 1978; 
Cavener and Clegg, 1978, 1981) with all arriving at the same general con­
clusion: that in populations confronted with alcohol environments, the 
F frequency of the Adh allele increases with time, thereby implying a 
F F 
selective advantage to those genotypes possessing an Adh allele (Adh / 
F F S Adh and Adh /Adh ). The problem common to these studies is that the 
dramatic response observed in these cage studies occurs under the only 
environmental condition examined, alcohol stress. In all these reports, 
the experimenters introduce a population in Hardy-Weinberg equilibrium, 
with respect to the Adh locus, to population cages containing high, stress 
concentrations of alcohol, i.e., ethanol at concentrations up to 20%. The 
observed allele frequency changes are, therefore, consistent with and 
correlated with the biochemical property of high ADH activity. Since fit­
ness need not be a rigid value and is in fact dependent on environmental 
conditions, the fitness differences observed in these experiments apply 
only to the conditions examined (alcohol stress environments) and, there­
fore, need not be applicable over all environmental conditions, i.e., 
different alcohols and/or different alcohol concentrations. 
In agreement with the population cage findings are those studies 
which have examined specific components of fitness such as differential 
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viability. Studies involving egg to adult (van Delden et al., 1975), 
larval to adult (Morgan, 1975; Oakeshott, 1976) and adult viability 
(Ainsley and Kitto, 1975; David et al., 1976; David and Bocquet, 1977; 
Kamping and van Delden, 1978; van Herrewege and David, 1980) on alcohol 
supplemented media have been carried out for Drosophila melanogaster. 
Adult viability studies have been performed on an interspecific level as 
well (David and Bocquet, 1976; Starmer et al., 1977; Holmes et al., 1980). 
Similarly, in all cases, viability under alcohol stress is positively 
correlated with ADH activity. In those studies in which different Droso­
phila melanosaster genotypes have been examined, the differential fit-
FF F S S S 
nesses rank out as Adh /Adh > Adh /Adh > Adh /Adh , which again posi­
tively correlates with ADH activity. However, as in the population cage 
experiments, the conditions used represent alcohol stress conditions, 
i.e., ethanol >6%, and, therefore, the results and the fitness determina­
tions are of no surprise. 
The results of these studies in which a single biochemical parameter, 
total ADH activity, and a single environmental component, alcohol stress, 
are examined do indeed reflect the existence of selection and fitness 
differences but actually fail in their attempts to explain the nature of 
the polymorphism at the Adh locus. These findings tell us nothing of how 
g 
the Adh allele is maintained in natural populations and in fact suggest 
that in alcohol environments, the Adh^ allele should approach fixation. 
The study presented here is directed at these questions by examining 
adult viability over a number of alcohol concentrations, stress and non-
stress conditions. In addition, the experiments are directed at the 
103 
correlation of these organismal level responses with not only total in 
vitro ADK activity but also other biochemical properties, such as the 
Michaelis-Menten constants. 
b. Materials and methods 
1) The animals The strains of Drosophila melanogaster used 
in these studies, S-1, S-2, F-1 and F-2, are those that have been used in 
all previous studies (i.e., section Al) and were constructed as previously 
described (McDonald and Ayala, 1978). 
2) Survivorship—mortality experiments Adult flies, 6-10 
days post-eclosion, were lightly etherized and sorted by sex into 2 1/2 x 
10 cm vials (10 or 10 9 per vial). Survivorship-mortality studies were 
initiated, after the flies had been awake for 1-2 hours, by introducing 
into each vial a 2" x 2" Whatman #1 filter paper, to which either 1 ml of 
HgO (control) or 1 ml of an alcohol-HgO solution had been absorbed. Adult 
survivorship-mortality experiments were carried out using two different 
alcohols, ethanol and butanol, at seven different concentrations: % 
ethanol = 0.5, 1.0, 2.0, 4.0, 6.0, 8.0 and 10.0; % butanol = 0.0625, 
0.125, 0.25, 0.5, 1.0, 1.5 and 2.0. After introduction of the filter 
papers, the vials were sealed with Parafilm and the percent mortality re­
corded on a regular basis, every 5 hours for the first day and every 8 
hours each day thereafter. Hours to 50% mortality was chosen as a stand­
ard of comparison and determined graphically by plotting percent mortality 
vs. hours of exposure to H^O or alcohol-H20 (see Figure 16). Each deter­
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Figure 16. Typical survivorship curve for flies subjected to a range of butanol concentrations (a 
= control; b = 0.0625%; c = 0.125%; d = 0.25%; e = 0.50%; f = 1.00%; g = 2.00%) 
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vials 99). All experiments were carried out in a uniformly lighted, 
temperature controlled (25°C) incubator. 
c. Results The data for hours to 50% mortality are presented in 
Table 21 for ethanol and Table 22 for butanol. All values were normalized 
to strain F-2 using those obtained for controls, flies only on water, as a 
means of comparison. These data are relevant to two specific observations 
concerning (1) the organism's ability to utilize and/or tolerate environ­
mental alcohol and (2) the relationship between survivorship-mortality 
curves and the biochemical properties of the alcohol dehydrogenase enzyme. 
With regard to the organism's ability to utilize and/or tolerate en­
vironmental alcohols, two points can be raised. First, as alcohol concen­
trations increase, so does the hours to 50% mortality value (S-1, 0 to 4% 
ethanol, 0 to 1% butanol; S-2, 0 to 4% ethanol, 0 to 1% butanol; F-1, 0 to 
6% ethanol, 0 to 1% butanol; F-2, 0 to 6% ethanol, 0 to 1% butanol). 
These alcohol concentrations, in all likelihood, represent concentrations 
which have limited toxic effects and the increase in longevity is due to 
the flies' ability to utilize the alcohol present as a carbon source. 
Secondly, after some threshold level, i.e., strain S-1, 4% ethanol and 1% 
butanol, the ability to utilize the alcohol present as a carbon source 
begins to be overridden by the toxic nature of the alcohol. In such 
cases, the hours to 50% mortality values approach and/or become signifi­
cantly less than control values, demonstrating the toxic nature of the 
higher alcohol concentrations. All four strains examined demonstrate this 
pattern to various degrees; the ability to utilize alcohol at nonstress 
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Table 21. Adult survivorship-mortality in response to ethanol for 
Drosophila melanogaster 
Hours to 50% mortality (±S.E.) 
Cone, ethanol S-1 S-2 F-1 F-2 
Control 52.4±3.2 . 52.4±2.5 52.4±3.2 52.4±5.7 
0.5% 67.8+4.2 62.4+1.9 62.5+2.6 77.7+6.9 
1.0% 82.0±5.9 75.8±2.8 85.5+4.0 112.4+11.5 
2.0% 93.8+5.1 78.0+7.4 101.2+4.9 104.7±11.1 
4.0% 103.7±10.9 88.7±5.6 107.3112.6 105.7±14.9 
6.0% 60.3±8.9 17.5+3.6 124.0±15.9 86.7+16.2 
8.0% 47.6±9.6 7.2±1.0 95.9+8.8 56.8±14.0 
10.0% 23.0+2.7 3,3±0.1 70.8+13.2 44.8+7.9 
Table 22. Adult survivorship-mortality in response to butanol for 
Drosophila melanogaster 
Cone, butanol S-1 
Hours to 50% mortality (±S.E.) 
S-2 F-1 F-2 
Control 60.2±2.8 60.2±3.9 60.2±1.9 60.2±9.0 
0.625% 64.1+2.2 75.5±8.2 62.2+2.7 62.0+5.4 
0.125% 70.1+2.5 77.4±8.1 70.7±2.6 62.3+5.8 
0.25% 73.1±2.8 77.9±2.8 81.8±2.6 82.5+6.1 
0.5% 91.3±3.3 90.7+9.3 92.3+3.9 71.4±5.1 
1.0% 115.8±5.7 78.1+17.2 138.1±3.5 124.4+8.5 
1.5% 70.0±5.8 24.6+4.1 96.7±12.6 78.8+15.6 
2.0% 44.7+4.7 10.5+3.6 71.9+5.6 59.2±11.9 
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concentrations and the ability or inability to tolerate alcohols at stress 
concentrations. 
In order to correlate these biological observations with previously 




From this equation, two observations regarding the relative importance of 
the parameters V and K in the determination of reaction velocity can 
max m 
be made: (1) when substrate concentration is high, [S] » K , the most 
important parameter becomes and (2) at low substrate concentration, 
[S] < K , the parameter of relative importance becomes K . Based upon 
— m m 
these observations and the actual biochemical data for K and V pre-
m max 
sented in Table 1, predictions can be made concerning the nature of the 
survivorship-mortality curves. If in fact the ability to survive in an 
alcohol environment is directly related to the rate of alcohol oxidation, 
two predictions can be made: (1) at high concentrations of alcohol when 
F 
^max the most important parameter, Adh strains should survive signifi-
g 
cantly longer than Adh strains; and (2) when environmental alcohols are 
at low concentrations and per molecule catalytic efficiency (K^) is the 
g 
most functionally relevant parameter, Adh strains should survive as long 
F if not longer than Adh strains. In order to test the biological relevan-
g 
cy of these predictions, comparisons were made between the Adh strains, 
F S-l and S-2, and the Adh strains, F-1 and F-2. These comparisons are 
presented graphically in Figures 17-24. Statistical significance was 
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Figure 17. Survivorship-mortality curves for strains S-1 (O) and F-1 (•) in response to ethanol. 
Significance as determined by the student's t-test; *p < 0.2» **P < 0.1, ***p < 0.01, 
< 0.001 
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Figure 18. Survivorship-mortality curves for strains S-1 (o) and F-2 (A) in response to ethanol 
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Figure 20. Survivorship-mortality curves for strains S-2 (•) and F-2 (A) in response to ethanol 
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Figure 22. Survivorship-mortality curves for strains S-1 (O) and F-2 (A) in response to autanol 
o 100 
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Figure 24. Survivorship-mortality curves for strains S-2 (#) and F-2 (A) in response to butanol 
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determined by the student's t-test. From these pair-wise comparisons, it 
can be seen that these predictions, in general, hold true. At high con-
F 
centrations of alcohols, Adh strains survive significantly longer than 
g 
Adh strains. Conversely, at low concentrations of environmental alco-
S F hols, Adh strains do as well if not better than Adh strains. 
Therefore, the results of these survivorship-mortality studies are in 
good agreement with the biochemical parameters measured Ijn vitro. The 
importance of these findings centers on the correlation between ^  vitro 
and in vivo conditions on a phenomenological level. Even though we are 
lacking in our knowledge of intracellular conditions, i.e., the cellular 
concentration of substrate and/or cofactor, and are uncertain as to the 
in vivo legitimacy of the assumptions of the Michaelis-Menten equation, 
the findings presented here are important for they stress the functional 
and adaptive significance of the biochemical properties of the products of 
the alcohol dehydrogenase locus. 
d. Discussion The experiments presented in this study demon­
strate both the physiological relevancy of the products at the Adh locus 
as well as the existence of possible fitness differences between the two 
homozygous genotypes. In addition, the results shed considerable light on 
probable explanations for the maintenance of the polymorphism at the Adh 
locus. 
The physiological significance of the products of the Adh locus has 
been demonstrated previously, to a certain degree, in that an active Adh 
gene product is necessary for Drosophila melanogaster to tolerate alcohol 
environments. For example, Adh^*^^ strains, or those that lack detectable 
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ADH activity have little success in surviving in alcohol environments. 
Observations as to the functional or physiological relevancy of the ADH 
proteins has been furthered by this study. ADH activity is necessary not 
only for the ability of the organism to tolerate alcohol stress conditions 
but also for the utilization of alcohols as a carbon source. In addition, 
the utilization of and tolerance to alcohols can be related directly to 
the biochemical properties of K and V (enzyme concentration) for the 
m max 
various alleles at the Adh locus. The ability to utilize alcohols, as 
evidenced by increases in longevity in nonstress alcohol environments, 
appears to be directly correlated with the enzymatic property of K^. On 
the other hand, the ability to tolerate stress concentrations of alcohol 
is dependent on the biochemical property of or the level of cross-
reaction material. 
Possible fitness differences, or differences in the fitness component 
of adult viability, can also be postulated from the results of this study. 
The findings here are in agreement with previous reports which have sug-
F gested a selective advantage or greater fitness of Adh genotypes in en­
vironments high in alcohol content. At ethanol concentrations greater 
than or equal to 6% ethanol and butanol concentrations greater than or 
F S 
equal to 1.5%, the Adh homozygotes survive significantly longer than Adh 
homozygotes, the results being suggestive of a selective advantage for 
Adh^ genotypes under these conditions. In addition, this study has also 
considered the effects of low alcohol concentrations on the two types of 
homozygotes in an attempt to relate these effects into fitness relation-
S F 
ships. In such cases, Adh genotypes do as well if not better than Adh 
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genotypes suggesting the possible existence of greater fitness values for 
g 
Adh genotypes under nonstress alcohol concentrations. Fitness relation­
ships, however, are not rigid and just as they depend upon environmental 
factors so may they also depend upon other conditions such as genetic 
background. Therefore, we must keep in mind for the Adh system that there 
exist trans-acting regulatory genes that affect the number of ADH mole­
cules produced by an organism and that in combination with a given struc­
tural locus these elements may enhance or even change the fitness rela­
tionships proposed above. 
The results of this study also provide possible explanations as to 
the maintenance of the polymorphism at the Adh locus. They, in fact, are 
consistent with an environmentally dependent form of balancing selection. 
The disparities in the biochemical properties of K and V (enzyme con-
m max •' 
centration) suggest that the different genotypes may be selectively 
favored under different environmental conditions. The results, therefore, 
are in good agreement with possible balancing mechanisms involving en­
vironmental heterogeneity (reviewed by Hedrick et al., 1976) and/or habi­
tat choice mechanisms (Powell and Taylor, 1979). Even though the results 
presented here are somewhat lacking in that they fail to demonstrate com­
pletely the existence of net fitness differences, they are consistent with 
the idea that selection is acting on the Adh locus and in particular a 
form of balancing selection, thereby responsible for the maintenance of 
the polymorphism at this locus. 
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3. Study II—effect of environmental alcohol on in vivo properties of 
Drosophila melanogaster alcohol dehydrogenase 
a. Introduction The biochemical analysis of the major allelic 
variants that exist at the Adh locus has been complicated due to the fact 
that each allozyme product may exist in at least three electromorphlcally 
distinct states (see Figure 1). Strains of Drosophila melanogaster made 
F S homozygous for either the Adh or Adh electrophoretic variants display 
three zones of enzyme activity after electrophoresis (Ursprung and Leone, 
1965). The most cathodally migrating band is often referred to as ADH-5, 
the most anodally migrating band ADH-1 and the band of intermediate 
electrophoretic mobility ADH-3. By feeding adult flies [^'^C] labeled 
nicotinamide and purifying the separate bands, it was shown that the three 
bands are the result of the same protein being associated with no (ADH-5), 
one (ADH-3), and two (ADH-1) molecules of an NAD-carbonyl complex 
(Schwartz et al., 1979) of the type first described by Everse (Everse 
et al., 1971). The differential binding of this addition complex accounts 
not only for the differences in charge and mobility, but also is the most 
likely explanation of other vitro differences such as heat stability 
(Jacobson, 1968), specific activity, and kinetic parameters (Day and 
Needham, 1974). 
The interconversion of these forms has been demonstrated ^  vitro by 
the incubation of purified enzyme preparations, predominantly ADH-5, with 
either NAD"*" or acetone (Jacobson et al., 1972). In addition, the relative 
proportion of these forms can be altered ^  vivo by exposing flies to a 
diet supplemented with compounds that possess either a secondary alcohol 
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(I.e., 2-propanol, 2-butanol) or carbonyl group (i.e., acetone, butanone) 
(Schwartz and Sofer, 1976; Schwartz et al., 1979; Papal et al., 1979). 
The purpose of this study was to determine the effects of the pro­
longed exposure of flies to 2-propanol, an environmentally prevalent 
alcohol for Drosophila (Heed, 1978), on a variety of enzymatic properties, 
Including (1) the relative distribution of the ADH-5, ADH-3 and ADH-1 
isozymes, (2) specific activity, (3) in vivo concentrations of ADH, and 
(4) relative vivo stability. 
b. Materials and methods 
1) The animals The strain examined in this study (P-2) 
F 
carried the Adh allele and was made genetically homozygous for its entire 
first, second and third chromosomes (McDonald and Ayala, 1978). Flies 
were aged so that at any time during the experiments, they were between 5 
and 12 days post-eclosion, a period in which ADH activity is,known to 
remain stable (Hewitt et al., 1974). The experiments consisted of ex­
posing aged flies to either of two environments: standard Drosophila 
media supplemented with either sucrose (control) or sucrose + 2-propanol. 
Supplementation involved the absorbtion of either 1 ml 3% sucrose or 3% 
sucrose + 3% 2-propanol solutions per day on a Kimwipe tissue, which had 
been pressed into the Drosophila media. 
2) Biochemical techniques At specific intervals (each 24 
hrs), equivalent aliquots of control and 2-propanol exposed flies were 
removed and homogenized (45 mg wet weight of flies/ml of 100 mM Tris-HCl 
buffer (pH 8.6)). These homogenates were then assayed for isozyme distri­
bution, ADH activity and amount of ADH acrossreacting material (CRM). 
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Equal volumes of crude extract (65 yl) were run on 1% polyacrylamide 
gels according to Smith (1968) using the Tris-HCl buffer system of Orn-
stein (1964) and Davis (1964). Gels were run at 3 mA per gel for 5 hours. 
They were stained 6-8 hours (end point staining) for ADH activity, accord­
ing to Ayala et al. (1972) , and scanned in a Gilford model 2400 spectro­
photometer. 
ADH and a-GPDH activity was measured according to McDonald and Avise 
(1976). MDH activity was measured according to McReynolds and Kitto 
(1970). In all cases, units are expressed as ADD per minute. 
Immunodiffusion was performed according to Mancini et al. (1965) by 
placing 10 yl of sample in 3 mm wells in 1% agarose-1% anti-iU3H immuno­
diffusion gels. After allowing sufficient time for complete diffusion, 
the gels were stained and ring diameter measured. Serial dilutions of the 
control preparations were used as a standard for comparison, since a 
linear relationship exists between ring diameter and the log of enzyme 
concentration (Fahey and McKelvey, 1965). 
The immunological identity of ADH from control and 2-propanol treated 
flies was determined according to the techniques of Ouchterlony (1953). 
3) In vivo stability determinations The details of radio­
active labeling and vivo stability determinations are as those pre­
sented previously (section B2). In this case, after allowing flies to 
ingest the radioactive label, they were placed on either control or 2-
propanol supplemented Drosophila media. The loss of cpm [^^C] was moni­
tored versus time and and T^yg values determined. 
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c. Results 
1) Isozyme distribution Figure 25 shows the results of 
electrophoresis in polyacrylamide gels. It is evident from the gel scans 
that exposure to 2-propanol causes a shift in the isozyme distribution as 
early as after 24 hours. The distribution remains stable through 96 
hours, reflecting a decrease in the ADH-5 form and a concurrent increase 
in the ADH-3 and ADH-1 forms. Therefore, as previously reported (Schwartz 
and Sofer, 1976), the presence of 2-propanol in the environment is suffi­
cient for ^  vivo conversion to occur. 
2) Enzyme activity The same homogenates were assayed for ADH 
activity and the results presented in Figure 26a. After 24 hours of expo­
sure to 2-propanol, flies were found to have only 25% of the control activ­
ity and exhibit only 9% of control activity after 96 hours of exposure. 
These results are also consistent with earlier studies (Schwartz and 
Sofer, 1976). The inhibitory effects of a variety of NAD-carbonyl com­
pounds on dehydrogenase activities, including ADH, have been previously 
reported (Everse et al., 1971). Therefore, in order to explore the possi­
bility that exposure to 2-propanol has a general inhibitory effect on 
Drosophila dehydrogenase activities, additional dehydrogenases, aGPDH and 
MDH, were monitored for enzymatic activity throughout the course of the 
experiments. The results, presented in Table 23, indicate that the in­
hibitory effect of 2-propanol is most likely specific for ADH. 
3) ADH CRM levels When amounts of crossreacting material 
were determined immunologically by radial immunodiffusion, the 2-propanol 
























Figure 25. Gel scans of alcohol dehydrogenase from control and 2-propanol 
treated flies. The three peaks (left to right) are due to the 
three alcohol dehydrogenase isozymes: ADH5, ADH3 and ADHl, 
respectively 
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Figure 26. In all figures (•) represents control flies and (o) 2-propanol treated flies. 
a) ADH activity ± S.E. present in control and treated flies after exposure to 3% 
2-propanol for 24, 48, 72 and 96 hours. 
b) Relative amounts of ADH crossreaction material present in control and treated flies 
after exposure to 3% 2-propanol for 24, 48, 72, and 96 hours. 
c) Relative vivo turnover rate of ADH in control and treated flies after exposure to 
3% 2-propanol for 24, 48, 72, and 96 hours 
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Table 23. Comparison of enzymatic activities in control and 2-propanol 
exposed Drosophila melanogaster; see text for details 
ADH a-GPDH MDH 
Treatment Time activity activity activity 
Control 0 hr 8.37±0.16 3.55±0.15 5.74±0.20 
2-propanol 0 hr 7.61+0.09 3.65+0.19 5.91+0.70 
Control 24 hr 7.18+0.05 3.24±0.42 6.27+0.27 
2-propanol 24 hr 1.78+0.27** 3.20±0.28 5.97±0.29 
Control 48 hr 7.25±0.17 2.52±0.13 6.31±0.58 
2-propanol 48 hr 0.72±0.10** 3.26±0.35* 6.26±0.40 
Control 72 hr 9.95±0.11 4.21±0.39 6.65±1.39 
2-propanol 72 hr 0.66±0.15** 3.78+0.11 7.17±1.50 
Control 96 hr 10.96±0.71 4.6110.05 6.57+0.14 
2-propanol 96 hr 0.76+0.03** 4.07+0.32 6.43±0.13 
*Students t-test significant at P < .05. 
**Students t-test significant at P < .01. 
in Figure 26b. This result may be explained in at least two ways: (1) 
the increase in CRM is due to an increase in the amount of enzyme present 
or (2) ADH-1, which is the predominant form after conversion, differs in 
antigenicity when compared to ADH-5, the predominant form in control 
flies. In order to distinguish between these two hypotheses, two separate 
experiments were performed. 
Gel diffusion tests such as those described by Oiichterlony (1953), 
involving a precipitation reaction between antigen and antibody in a 
semisolid medium allows the determination of the extent to which two 
antigens react with a specific antibody. If two antigens differ in their 
ability to be precipitated by the antibody, a spur of crossreactivity will 
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develop. When extracts from control flies (predominant form, ADH-5) and 
2-propanol treated flies (predominant form, ADH-1) were placed in alter­
nating wells surrounding a central well containing ADH antibody, no spurs 
of crossreactivity were observed (Figure 27). This result indicates that 
test and control extracts react equally well with the ADH antibody. 
The fact that the NAD-free and NAD-bound forms of ADH have the same 
qualitative reactivity to the ADH antibody does not necessarily insure 
that the respective antigenicities are quantitatively identical as well. 
The ^  vivo conversion of ADH which in this case is brought about by ex­
posing flies to 2-propanol can also be produced ^  vitro by incubating 
purified enzyme with acetone (the ketone product of 2-propanol oxidation) 
and NAD (Jaccbson, 1968; Jacobsori et al., 1972). After incubation of 
purified enzyme for 24 hours with 50 mM acetone and 0.2 mM NAD poly-
acrylamide gels were run, stained for ADH activity and scanned to deter­
mine the proportion of activity in each of the three ADH bands. The re­
sults did in fact show that in vitro conversion had occurred (control: 
75% of activity associated with ADH-5, 25% with ADH-3, 0% with ADH-1; 
converted: 0% with ADH-5, 22% with ADH-3, 78% with ADH-1). Identical 
amounts of these control and converted ADH samples were next applied to 
immunodiffusion gels according to techniques described above. If the 
control and converted samples are immunologically identical, then the 
areas of immunoprecipitation should be the same. The results of 12 
separate applications indicated that NAD-free and NAD-bound ADH are in 
fact quantitatively identical with respect to the anti-ADH antibody (con­
trol ring diameter, 9.45±10 mm, converted ring diameter, 9.67+0.11 ram). 
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Figure 27. Oiichterlony plate showing the immunological identity of 
alcohol dehydrogenase extracted from control (C) and 2-
propanol treated (T) Drosophlla melanogaster 
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The results of these immunological studies indicate that the in­
crease in CRM observed in flies exposed to 2-propanol is not the artifac-
tual result of differences in antigenicity but is, in fact, due to an in­
crease in ^  vivo levels of ADH". It may be concluded, therefore, that 
levels of 2-3 times the control amounts of ADH are reached in flies after 
exposure to 2-propanol and those levels are maintained throughout the test 
period. 
4) In vivo stability determinations There are a number of 
possible explanations of the observed increase in ^  vivo amounts of ADH. 
One is that 2-propanol has induced an increase in ADH synthesis. Such an 
explanation has previously been suggested to account for ethanol induced 
increases in ADH activity (Horikawa et al., 1967; Gibson, 1970). A 
second possible explanation is that the 2-propanol induced isozyme con­
version has increased the vivo stability of the alcohol dehydrogenase 
present in the treated flies. This would be consistent with a number of 
reports that suggest the presence of substrate and/or coenzyme increases 
the stability of that enzyme (Katunuma et al., 1971a,b; Litwack and 
Rosenfield, 1973; Goldberg and Dice, 1974), 
In vivo ADH stabilities were measured on control vs. 2-propanol 
treated flies by means of a series of pulse-chase labeling experiments. 
The results are presented in Figure 25c. As can be seen by monitoring the 
loss of [^^C] label from ADH over time, the projected relative half lives 
of the two preparations are significantly different. Those flies exposed 
to 2-propanol contain a much more stable form of the enzyme as reflected 
in a much longer half-life than control flies. Table 24 contains relative 
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Table 24. Relative ^  vivo turnover rates and half lives of ADH for con­
trol and 2-propanol treated flies; see text for details 
Experiment kd Tl/2 
Control 
1 0.013 53.31 
2 0.010 69.30 
3 0.016 43.31 
K 0.013±0.02 55.3±7.6 
2-propanol 
1 0.002 346.50 
2 0.003 231.00 
X 0.0025±0.0005 288.7±57.7 
in vivo stabilities (expressed as estimated values calculated for the 
different replicates in both control and 2-propanol treated flies (Fritz 
and Pruitt, 1977). In contrast, the turnover values for total protein did 
not vary significantly between 2-propanol treated and control flies (T^yg 
2-propanol flies = 518.0 hrs; control flies = 495.0 hrs; % error 
(SD/mean) = 10%) indicating that the 2-propanol induced stabilization is 
affecting only a small fraction of the total protein pool. This finding 
further supports the view that the effects of 2-propanol treatment is 
specific for ADH. 
d. Discussion In general, the data presented here are consistent 
with earlier studies in which secondary alcohols or their ketone deriva­
tives were found to bring about dramatic changes in alcohol dehydrogenase 
through the process of conversion (Schwartz and Sofer, 1976). The in­
crease in ADH stability that has been observed is easily explained. After 
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exposure to 2-propanol, there is a dramatic increase in the ADH-1 form of 
the enzyme, which is known to be associated with two molecules of an NAD-
carbonyl complex (Schwartz et al., 1979). It is well-documented that an 
enzyme-substrate or enzyme-coenzyme complex is generally more stable than 
its apo-enzyme (Katunuma et al., 1971a,b; Litwack and Rosenfield, 1973) 
and it is believed that just such a phenomenon may be occurring here. 
Although it is easy to imagine how an increase in ADH stability may 
be of adaptive significance in alcohol stress environments, it is more 
difficult to attribute any adaptive benefit to a concurrent decrease in 
the enzyme's specific activity. Indeed, on the surface, such a response 
would appear to be detrimental to the organism and certainly not of adap­
tive value. However, when one examines the relative toxicities of second­
ary alcohols and their ketone counterparts, one finds that the ketones 
have a substantially greater toxic effect (O'Donnell et al., 1975; Sofer 
and Hatkoff, 1972; David et al., 1976). It is reasonable, therefore, to 
hypothesize that a decrease in ADH activity would slow down the rate of 
production of ketones and thereby enhance a flies ability to survive in 
secondary alcohol environments. Recent analyses of the alcohol composi­
tion of known Drosophila niches have, in fact, identified 2-propanol as a 
major constituent (Heed, 1978; M. Santos and A. Fondevilla, University of 
Santiago, Spain and D. Vaseck, University of Arizona, personal communica­
tions). Collectively then, the above results suggest that environmentally 
induced post-translational modifications of ADH may play a significant 
role in Drosophila's ability to exploit alcohol environments. 
131 
III. GENERAL DISCUSSION 
Since the middle to late 1960s, the field of evolutionary genetics 
has been dominated by the selection-neutrality controversy. The discovery 
of considerable genetic variation in almost all species examined has both 
prompted as well as continues to fuel this debate. At the crux of this 
controversy is the issue as to whether or not the variants observed are 
functionally different and, therefore, are subject to the process of 
selection. One approach to this problem has been the examination of in 
vitro biochemical properties of specific gene products. The elucidation 
of such biochemical differences is g necessary but not a sufficient demon­
stration of the adaptive values associated with various gene products. It 
is imperative that these biochemical properties translate into functional­
ly significant parameters ^  vivo and, therefore, ultimately into fitness 
differences between the various genotypes. Using such an approach, it has 
been possible to demonstrate the existence of such a relationship for the 
alcohol dehydrogenase gene-enzyme system and its role in alcohol adapta­
tion in Drosophila melanogaster. 
The materials presented here have in fact verified how successful 
this approach can be. From examining the biochemical and organismal level 
responses to alcohol environments, conclusions can be reached implicating 
the role of selection in the maintenance of the Adh polymorphism. In 
Drosophila melanogaster, the ability to tolerate and/or utilize environ­
mental alcohols is directly related to the biochemical properties of the 
products of the Adh locus. The ability to tolerate alcohols correlates 
well with measurements of in vitro V or levels of crossreacting 
max ° 
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material, thereby, organisms that possess higher levels of ADH activity or 
F ADH CRM are more tolerant to alcohol stress conditions, i.e., Adh homo­
zygotes. Conversely, the ability to utilize environmental alcohols 
correlates well with iji vitro measurements of for alcohol, thereby, 
organisms with a greater affinity for alcohol substrate utilize such sub­
strates as well if not better than organisms with lesser affinities, i.e., 
S 
Adh homozygotes. In addition, the organisms ability to adapt to second­
ary alcohol environments has been shown to involve dramatic alterations in 
the ^  vivo properties of the enzyme enabling the organism to limit the 
production of toxic ketones and, therefore, enhancing its ability to in­
habit such environments. Thus, the results gathered here suggest that 
selection, and in particular a form of balancing selection, is responsible 
for the maintenance of the Adh polymorphism. The form of balancing selec­
tion that has been suggested is that of multiple niche selection, or di­
versifying selection in a heterogeneous environment. Due to the fact that 
F S fitness differences between the Adh and Adh homozygotes do not appear to 
be constant over all levels of environmental alcohol, this appears to be 
the most logical conclusion. However, it must be kept in mind that other 
parameters such as response to temperature, heterozygote advantage, or 
regulatory gene polymorphisms, which have not been examined in great de­
tail in this dissertation, may also play additional roles in the mainte­
nance of- the Adh polymorphism. 
In using the molecular approach to study adaptation, it is not suf­
ficient just to describe the biochemical phenotype in question but it is 
also imperative to attempt to understand the regulation or control of that 
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phenotype. In an attempt to understand the regulation of the Adh locus, 
alcohol dehydrogenase activity and CRM levels have been examined in 
adults, throughout the developmental program and as influenced by trans­
acting regulatory elements. All cases are consistent with the hypothesis 
that ADH activity levels are generally regulated by quantitative differ­
ences or changes in the number of ADH molecules produced rather than 
qualitative effects. The proposed mechanism of regulation of these quali­
tative effects involves the process of ADH turnover, i.e., ADH synthesis 
rate differences in adult Drosophila melanogaster. Because of the complex 
nature of eukaryotic gene regulation, the exact mechanism(s) of control of 
the Adh locus may in fact exist at any one of many levels, including tran­
scriptional or translational levels. Even though the elucidation of the 
exact mechanism(s) involved awaits further studies, the results presented 
here concerning the regulation of the Adh locus plus the biochemical and 
physiological functions of the Adh gene products demonstrate the power of 
this method as a means of reaching further understanding regarding the 
evolutionary process of adaptation. 
Although the molecular or biochemical study of adaptation has often 
demonstrated its worth, it has not yet graduated to a position free from 
criticism. The critics of this approach are concerned both with the 
generality of its application as well as the simplicity of its conclu­
sions. To date, this approach has achieved its greatest success with 
gene-enzyme systems involved in the metabolism of external substrates, 
such as the alcohol dehydrogenase, amylase (De Jong and Scharloo, 1976; 
Hoorn and Scharloo, 1978), esterase (Danford and Beardmore, 1980) and 
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octanol dehydrogenase (Wills and Nichols, 1971) gene-enzyme systems in 
Drosophlla. The ability to manipulate the organism's environment by the 
addition of enzyme substrate has greatly enhanced the possibility of ob­
serving functional and fitness differences between genotypes. The level 
of success has not been as great for those gene-enzyme systems involved 
with internal substrates or intermediary metabolism and, therefore, has 
prompted criticism concerning the generality of this type of study. Al­
though one cannot control the organism's internal environment with*the 
same degree of success as the external environment, these grounds alone do 
not provide a strong base for criticism. Even though studies with gene-
enzyme systems involved in intermediary metabolism may be more difficult 
and the resolving power less, it is still possible to demonstrate func­
tional differences and thereby infer possible fitness differences. The 
realization of vitro biochemical differences along with vivo dif­
ferences in the flux of a metabolite through a specific pathway can be 
successful in the demonstration of functional differences between gene 
products and thereby directly address the crux of the selectionist-
neutrality controversy. The second criticism centers on the fact that by 
studying the gene products of a single locus, the researcher is ignoring 
the effects of genetic context and interaction on that system. In this 
regard, these studies suffer from the same malady that has affected popu­
lation genetics theory, i.e., the reality of studying the effects of se­
lection at a single locus. This criticism seems more well-founded since 
one cannot ignore the effects of genetic context and interactions in the 
study of evolutionary genetics but rather one must adopt the philosophy of 
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R. C. Lewontin (1974) who proposes that rather than be ignored, " Context 
and interaction are of the essence." However, just as our understanding 
of the integration, organization and function of the eukaryotic genome is 
expanding so will our understanding of the importance of genetic context 
and genetic interactions in the evolutionary process. 
The future of the molecular approach to the study of evolutionary 
processes is a very bright one. The recent advances in molecular biology 
Involving recombinant DNA and gene cloning techniques will allow re­
searchers to ask many questions concerning the evolution of genome struc­
ture and function that were previously thought impossible. The coupling 
of these techniques with those that already exist concerning the expressed 
gene product will indeed provide a powerful tool for the dissection of the 
mechanisms involved in the evolutionary process. 
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VI. APPENDIX: ANALYSIS OF OTHER STRUCTURAL VARIANTS AT THE LOCUS 
As mentioned in the introduction, in addition to the two major elec-
trophoretic variants, there exists other naturally occurring and mutagen 
induced alleles at the Adh locus. The naturally occurring variants that 
UF US 
exist include the Adh and Adh alleles, which are present in very low 
frequencies in natural populations. These minor variants differ from the 
F S Adh and Adh alleles, respectively, by at least one amino acid substitu­
tion, which is responsible for an alteration in electrophoretic mobility 
(see Figure 1). The amino acid substitutions are such that the ADH-UF 
protein migrates more anodally than the ADH-F protein, while the ADH-US 
variant migrates more cathodally than ADH-S molecules. The Adh? variant 
was generated by ethyl methanesulfonate treatment of a strain bearing an 
ADH allele (Lindsley and Grell, 1978). -It migrates more anodally than 
the ADH-F protein it was derived from and in fact is identical to ADH-UF 
in electrophoretic mobility. This alteration in mobility is attributable 
to a change in the primary structure of the protein (Schwartz and Jorn-
vall, 1976). The analysis of these variants was undertaken in order to 
determine if the biochemical and molecular properties already established 
for the major electrophoretic variants also hold true for these minor and 
mutagen induced gene products. 
Strains homozygous for the AdIP and Adh^  ^alleles were kindly pro­
vided by J. David. The Adh^  strain was obtained from the Drosophila stock 
center in Bowling Green, Ohio. Strains S-1 and F-2 are those previously 
described in section Al. Measurements of ADH activity (section Al), ADH 
CRM levels (section Al) and the methodology for determining rates of pro-
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tein degradation (k^ ) and rates of protein synthesis (k^ ) (section B2), 
were also as previously described. ADH activity and ADH CRM levels were 
calculated relative to strain F-2 for ease of comparison. 
Measurement of ADH activity levels are presented in Table 25. The 
strains examined demonstrate the following relationship: UF > F-2 > D > 
S-1 > US. ADH CRM levels were also measured. Table 25, to determine if 
the relationship between ADH activity and ADH CRM levels observed for the 
major variants also exists for the minor variants. In all strains, except 
for Adh^ , the relationship holds true with those strains exhibiting a spe­
cific activity value (activity/antigenicity) near 1.0. However, this does 
not hold true for strain Adh^  which has activity levels comparable to 
strain F-2 but CRM levels more like that of strain S-1. This relationship 
provides for a much higher specific activity value, 1.65, than the other 
strains examined. This result makes the Adh^  strain the exception to the 
rule, possibly providing for other interesting studies with regard to both 
catalytic efficiency as well as the process of ADH turnover. 
Comparison of the rates of ADH turnover in Tables 26 and 27 also pro­
vides other Interesting points. For the naturally occurring variants, the 
amino acid substitutions which provide for the alterations in electro-
phoretic mobility, do not appear to dramatically affect ADH synthesis 
rates, with strains F-2 and UF being roughly equivalent and S-1 and US 
equivalent. However, the product of Che mutagen induced allele, Adh^ , has 
a lower synthesis rate for ADH than its progenitor, Adh . This observa­
tion is in good agreement with the measurement of ADH CRM levels for this 
strain. In addition, the results of ADH degradation studies also provide 
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some interesting preliminary observations. The ADH-UF variant which 
differs from ADH-F by two amino acid substitutions, one of which affects 
electrophoretic mobility (Thatcher, 1980), appears more stable in vivo 
than the ADH-F2 variant. The ADH-D protein, which also presumably differs 
from ADH-F by a single amino acid substitution appears relatively less 
stable. The direction of these findings is such that they are consistent 
with the relative levels of ADH CRM associated with these strains. The 
same relationship holds true for the ADH-US and ADH-S molecules, with 
ADH-US being less stable as well as possessing less CRM than ADH-S. These 
results suggest that for the minor and mutagen induced alleles, CRM level 
differences can be explained not only by differences in the rate of ADH 
synthesis but also by differences in ^  vivo stability. 
A further study in which ^  vitro and ^  vivo stability were compared 
is reported in Table 28. For these strains, a strong positive correlation 
exists between these parameters. In previous studies in which a similar 
relationship exists, the researchers have attributed the differences in 
protein stability to changes in primary structure that affect the pro­
tein's conformation (Bond, 1975; Hopgood and Ballard, 1974; Li and Knox, 
1972) . 
The preliminary results presented here further expound upon the im­
portance of ADH turnover in determining ^  vivo CRM levels. For the major 
electrophoretic variants, the CRM level differences are produced by dif­
ferences in the rate of ADH synthesis. However, for the minor alleles at 
this locus, preliminary studies suggest that the CRM level differences 
that exist may also be due to the relative ^  vivo stability or rate of 
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ADH degradation of these proteins. Two additional pieces of evidence lend 
further credence to this hypothesis. First, there exists examples in 
other systems in which single amino acid substitutions alter the stability 
of the protein in question. These examples include hemoglobin variants in 
which slight alterations in primary structure drastically affect the in 
vivo stability and cellular levels of the protein (Adams et al., 1972; 
Goldberg and Dice, 1974). The second piece of evidence concerns the 
nature of the amino acid substitution in the ADH-UF protein responsible 
for the change in electrophoretic mobility (Thatcher, 1980). The amino 
acid substitution is found in the NAD binding domain of the protein sug­
gesting it may have an effect on the association of the ADH-UF protein 
with its cofactor. The results presented in section C2 as well as the 
results of other authors (i.e., Litwack and Rosenfield, 1973) show that 
the association of an enzyme with its cofactor may drastically affect the 
enzyme's stability. Therefore, the nature of this association for the 
ADH-UF protein may account for its in vivo stability. As more becomes 
known of the molecular structure of the ADH protein, further relationships 
such as this may become obvious. 
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Table 25. Comparisons of ADH activity and crossreacting material levels 
for the major and minor electrophoretic variants at the Adh 
locus in Drosophila melanogaster 
Genotype Relative ADH activity Relative ADH CRM 
UF 1.12±0.01 1.26±0.03 
US 0.29±0.01 0.34±0.01 
D 0.84±0.01 0.5110.02 
S-1 0.44±0.01 0.58+0.01 
F-2 1.0010.01 1.0010.03 
Table 26. ADH synthesis rates for the major and minor variants at the 
Adh locus in Drosophila melanogaster 
Genotype protein ADH 
UF 0.58 0.17 
US 0.63 0.08 
D 0.49 0.09 
S-1 0.40 0.08 
F-2 0.45 0.14 
Table 27. Degradation rates for total protein and ADH in the major and 
minor variants at the Adh locus in Drosophila melanogaster 
Genotype k^  protein 1^/2 Pfotsin k^  ADH "^ 1/2 
UF 0.004 173.3 0.007 99.0 
US 0.003 231.0 0,014 49.5 
D 0.005 138.6 0.017 40.8 
S-1 0.003 231.0 0.007 99.0 
F-2 0.002 346.5 0.013 53.3 
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Table 28. Comparisons of ^  vitro and jji vivo stabilities for the major 
and minor electrophoretic variants at the Adh locus in 
Drosophila melanogaster 
Genotype  ^vitro in vivo 
UF 30.5 99.0 
US 13.4 49.5 
D 9.5 40.8 
S-1 32.3 99.0 
F-2 27.6 53.3 
linear regression line y = 2.28x - 16.63 r = 0.84 
